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A bstract
The further development and demonstration of a unique, transportable 
magnetic resonance imaging system, the Tree Hugger, [1, 2] is presented. 
The work is divided into four sections. The first is the commissioning of 
the magnet for use in-situ in a forest environment. Technical improvements, 
including the replacement of the receiver multiplexer A/4 cable by a pas­
sive circuit; an active shim of the magnet; and the design and build of new 
gradient amplifiers, lead to increased portability of the system, improved ho­
mogeneity of the magnet and overall to a doubling of the signal to noise ratio 
of measured signals.
Second, the feasibility of imaging living trees in the forest using the Tree 
Hugger is demonstrated. The first extended in-situ magnetic resonance imag­
ing study of a living tree over a growing season is reported. Correlations are 
drawn between nuclear magnetic resonance measurements and other indica­
tors such as relative humidity, soil moisture and net solar radiation.
The third part of the work is a study of water self-diffusion in a living 
tree in-situ and in felled timber made using the Tree Hugger. Analysis of the 
acquired echo attenuation data reveal mean cell radii of 12.4 /im in the hori­
zontal orientation in a living tree and 11.9 //m and 12.2 fim in the tangential 
and radial directions in felled timber respectively.
Finally, an investigation into the drying of felled sitka spruce is presented. 
A probe is developed to make measurements at elevated temperatures inside 
the magnet. Analysis of ID nuclear magnetic resonance profiles of the timber 
during drying yield temperature dependent effective diffusion coefficients for 
the water in wood along the three orthogonal axes. Activation energies for 
water diffusion of 33.4 (±0.9) kJ/mol, 58.6 (±3.5) kJ/mol and 44.7 (±1.5) 
were calculated for the longitudinal, radial and tangential orientations in 
felled timber respectively.
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Chapter 1
This thesis presents the further development, in-situ commissioning and 
demonstration of a 1.1 MHz transportable nuclear magnetic resonance (NMR) 
magnet, the Tree H u g g e r ^ a  magnet specifically designed for NMR imaging 
and relaxation studies on living trees.
1.1 Introduction
There is increasing interest in understanding the sustainability of plantation 
forestry, improving methods for processing wood and increasing the utilisa­
tion of wood as a replacement for products derived from fossil fuels in both 
the energy and materials sectors [3]. This interest is being driven by pres­
sure from society, global economics, climate change and the need for more 
sustainable raw materials [4]. To achieve this increased understanding and 
further develop wood as a high technology modern material many open fun­
damental questions concerning water movement in living trees need to be 
answered [5, 6]. These include the ways in which plants adjust the anatomy 
of xylem tissues to meet transpiration needs [7], the ability to refill embolized 
conduits despite the presence of tension in the xylem [8] and how the organi­
sation of conducting conduits in the tree guarantee efficient delivery of water
^The original design and construction of the Tree Hugger is described in [1].
^The name Tree Hugger was originally coined by Professor John Strange and Dr. Peter 
Blümer at the University of Kent in the late 1990’s.
to the leaves [9]. Often moisture transport and distribution in standing trees 
is investigated using destructive and slow techniques such as taking cores 
[10] and inserting heat dissipation sensors to measure sap flow [11]. The 
primary aim of this project is to demonstrate the Tree Hugger as a tool to 
non-invasively and non-destructively map and further the understanding of 
water use by and water distribution in living trees in-situ. The Tree Hugger 
can be used to investigate the key issues in tree management such as the im­
pact of trees on water tables, and the impact on trees of the drier summers 
that are forecast under climate change [12, 13].
As with water movement in living trees there still remain many open 
questions regarding water loss and uptake in felled wood [14]. Recent work 
suggests that some of the established facts and truths describing wood water 
interactions in timber may now be based on outdated ideas or theories and 
insufficient data [15]. Wood drying is a major factor in timber processing 
because of the high cost and the necessity to minimise distortion and fibre 
collapse. The second objective of this work is to demonstrate the use of the 
Tree Hugger to investigate the drying of felled timber.
The thesis begins by giving a brief description of wood structure and 
water in wood followed by an overview of the literature. The principles 
behind the NMR and magnetic resonance imaging (MRI) techniques used in 
this work are then presented. This is followed by a chapter describing the 
Tree Hugger and the work done to improve the portability and homogeneity 
of the magnet and signal to noise ratio of measured signals. This chapter 
also describes the design and construction of a probe allowing NMR studies 
at elevated temperatures. Chapters 4, 5 and 6 present the results from an 
imaging study of a living tree, a study of diffusion in a living tree and felled 
timber and a drying study of felled timber.
1.2 Wood
Wood is one of the most abundant biomaterials on Earth and over millions of 
years trees have developed adaptive functions, such as reaction wood, to deal 
with a variety of diverse conditions and stresses [16]. The main part of the 
tree is the trunk that is used as a support and as the transport mechanism for 
water and nutrients from roots to leaves. Due to its biological nature wood 
is a complex, variable material that has non-uniform physical and chemical 
properties. Wood, when felled, has a high water content, termed the green 
state, making it ideal for study using NMR. The moisture content varies 
throughout the tree, particularly between the heartwood and sapwood. The 
sapwood often has a higher moisture content than the heartwood.
Wood is split into two main groups: softwoods and hardwoods. Softwood 
is a general term used to describe the wood from trees mostly found in 
the conifer group such as pines, spruce and hemlock (gymnosperms) and 
hardwood is used to describe the often more dense wood of the deciduous 
trees such as oak and beech (angiosperms). Below is a review of some of the 
main features of softwood and hardwood.
Heartwood
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Figure 1.1: Transverse face of a mature spruce (left) with the heartwood clearly distin­
guished from the sapwood by its darker colour. The diagram of a wedge of wood (right) 
illustrates the three orthogonal axes, labelled the radial axis, the longitudinal axis and 
the tangential axis. Photograph courtesy of Kate Beauchamp and diagram of wood wedge 
reproduced from [1].
1.2.1 Softwoods
1.2.1.1 M acrostructure
Figure 1.1 shows the transverse cross section of a softwood trunk, taken from 
a mature spruce and an illustration of the three axes used to describe wood 
in this thesis. The cross section in figure 1.1 shows the heartwood, located 
at the centre of the trunk, surrounded by a thick band of sapwood. The 
sapwood is involved in water transport and the storage of nutrients whilst 
the heartwood is older wood that has undergone chemical and structural 
changes. It is no longer used for water transport. The heartwood is used for 
the storage of metabolites (extractives). The annual growth rings and bark, 
surrounding the trunk, are also visible in figure 1.1. Wood also contains other 
macroscopic properties such as knots, spiral grain and reaction wood. Spiral 
grain is the alignment of longitudinal cells in a helical orientation around the 
axis of the tree and helps to ensure an even distribution of sap flow from the 
roots to leaves [17].
1.2.1.2 Cell structure
Around 95% of the cells in softwood sapwood are dead, hollow tracheid cells. 
These are arranged in a homogenous structure and are used for the transport 
of water longitudinally through the tree. Softwood sapwood also contains 
longitudinal resin ducts and horizontal ray cells. The rays consist of radially 
oriented parenchyma cells. In the sapwood, unlike tracheids, the parenchyma 
cells are living and are involved in the radial transport of food and nutrients. 
The heartwood in softwoods contains the same cells as the sapwood. How­
ever, they are no longer living and reserve materials have been transformed 
into heartwood extractives. These extractives include tannins, dyestuffs, oils 
and gums and accumulate in the cell cavities, termed the lumen, and walls 
of the cells. In some species, depending on the type of extractives deposited, 
the heartwood appears darker than the sapwood.
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The tracheids can be thought of as axially orientated tubes, each tracheid 
sharing its cell wall with an adjacent cell and forming a capillary transport 
network through the tree. The length of a mature tracheid is between 1-5 mm 
and the radial and tangential diameters vary between 15-45 jim. depending on 
the age, species and position of the cell [18,19, 20, 21, 22]. The cross-sectional 
shape of the lumen varies between circular and rectangular depending on 
position within the tree [22] and whether or not reaction wood is present. 
The structure of the tracheid cell depends upon the time in the growth season 
that the cell is formed. If the cell is formed early in the growing season then 
it has a large lumen and thin walls and the cell is effective at water transport. 
If the cell is formed late in the season then it has a smaller lumen and thicker 
walls and is used for strength and support. It is this variation in tracheid 
structure that leads to visible growth rings. A diagram showing the main 
components of a tracheid cell is shown in figure 1.2.
Bordered 
pits_____< s >
sss
<s>
Earlywood Latewood
Torus
tracheid tracheid
Bordered
pit
F igure 1.2; Illustration of the structure of the tracheid cell and bordered pits, picture 
shows the earlywood tracheid with thin walls and large lumen and latewood tracheid with 
thick walls and smaller lumen. Illustration adapted from [23, 24].
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Water in wood is conducted through the lumen and passes from one 
tracheid to the next through the bordered pits in the cell wall. Whilst water 
movement between parenchyma cells and tracheids is via half-bordered pits 
longitudinal and tangential flow are controlled by the bordered pits. The 
longitudinal flow is much greater than the tangential flow [25]. The main 
flow path for the radial direction is via horizontally aligned ray cells [25, 26].
The bordered pits in the tracheid walls derive from partial dissolution 
of the matrix substances leaving an area of cellulose microflbrils termed the 
margo which is radially or spirally arranged [27] around a thickened central 
area called the torus [28]. The diameter of the pit aperture has been reported 
to vary from 2 fim to 6 fim in latewood and earlywood respectively [25, 29]. 
The torus, as a result of cavitation of the water column or reduction in 
moisture content, can move across the pit chamber and seal off one of the 
apertures. This is done to prevent the expansion of a gas bubble through the 
pit. The presence of the torus effects the permeability of the wood.
1.2.2 Hardwood
Hardwoods have a more complex structure than softwoods. The transport 
of water takes place in vessels. These vessels are comprised of a number of 
specialized water conducting cells, called vessel elements, stacked end to end. 
Where the vessel elements are connected a hole, called a perforation plate, 
is formed. The perforation plate can be a simple hole or in some species 
have bluminaars across, scalariform, or have net like perforations, reticulate. 
There is large variation in the length of the vessel element lumina between 
species, and even between samples of the same species, vessel element lengths 
are found to vary from 27-5000 fim [30, 31, 32, 33, 34]. The vessels can vary 
from a few centimetres to tens of centimetres in length depending on species 
[35]. The diameter of the vessel elements is found to vary between species 
and at different heights in the tree. The radial diameter of vessel elements in 
one species was found to vary from 111-160 jim and the tangential diameter
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was found to vary from 76-112 fim [36]. In other work the vessel element 
lumen diameter in various species were shown to vary from 10-500 fim with 
600-1119 vessel elements per mm^ [31, 32, 33, 35, 37].
Hardwoods also contain fibres. These provide the principal source of 
support and are 0.2 - 1.2 mm long with an aspect ratio of around 100:1 
[38, 39].
The parenchyma cells in hardwoods are essentially the same size and 
shape and carry out the same functions as in softwoods. The main dif­
ference comes from the abundance and variation in patterns of hardwood 
parenchyma [40]. The parenchyma can be clustered around the vessel el­
ements, paratracheal parenchyma, not oriented around the vessel elements, 
apotracheal parenchyma, or in a band at the start of the growth ring, banded 
parenchyma. The ray cells in hardwoods are found in lines extending from 
the bark to the centre of the tree. The ray cells can vary from less than 1 
mm to several centimeters in width depending on species. These ray cells 
can be arranged horizontally or vertically [41].
Hardwoods are split into three groups, ring porous, semi diffuse porous 
and diffuse porous, depending on the radial distribution of the vessels. In 
ring porous wood the earlywood contains large diameter vessels and the late 
wood contains narrower vessels leading to a visible ring structure. Whereas 
in diffuse porous wood there is little difference in the diameter and number 
of vessels across the growth rings. The semi diffuse porous wood is between 
the ring and diffuse porous structures and has a gradual transition from 
earlywood to latewood [40].
1.2.3 Water in wood
Water is an important component of wood and the amount and location of 
the water has a great effect on the properties of wood and the performance of 
wood products. The amount of water in wood is termed the moisture content 
and is defined as the weight of the water in the wood as a percentage of the
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weight of the dry wood. The green moisture content can be greater than 100% 
for sapwood and is typically around 50% for heartwood. Water in wood is 
usually categorised as either free or bound. Free, sometimes termed bulk, 
water is water in the cell cavities (lumina). Bound water is located in the 
micropores of the cell wall and hydrogen bonded to the molecules comprising 
the cell wall. Changes in the amount of bound water leads to dimensional 
changes and affects the woods properties. On wetting of dry wood moisture 
is taken up first by the cell walls as bound water. As the wood rehydrates, the 
water occupies space between the microfibrils and forces them apart causing 
the cell wall to expand as it fills to capacity [15]. At the point where further 
increase in moisture will not result in expansion of the cell wall the wood is 
at its fibre saturation point (FSP). This typically corresponds to a moisture 
content of 25-30% depending on species. If the wetting continues above the 
FSP the water begins to fill the cell lumina. As wood is dried the reverse 
process occurs with free water lost from the lumina followed by the bound 
water. It has been observed that the rate the free water is lost is effected 
by the size of the lumen, with the larger lumen of the earlywood having a 
greater drying rate than the smaller latewood lumen. Below the FSP, where 
there is no water present in the lumina, the drying rates are similar for both 
early and late wood [42].
1.2.4 Water in living trees
Water transport and storage in living trees is directly related to the transpi­
ration stream and can provide information in relation to understanding tree 
response to changing climatic conditions. Water is absorbed by the roots and 
travels through the xylem, or sapwood, to the leaves where, via the stom­
ata (microscopic openings on the surface of the leaves), it is evaporated. As 
well as being the point through which most of the water is lost the stomata 
are also the point at which CO2, used for photosynthesis, diffuses into the 
leaves. The phloem, located on the inner layer of the bark, is responsible for
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the transport of photosynthates up and down the stem depending on where 
there is a deficit of these photosynthates. The driving force behind the long 
distance transport in the xylem is a negative pressure gradient generated by 
the evaporation from the leaves although there are still many fundamental 
questions regarding the movement of water in living trees [6]. In both the 
xylem and the phloem complex and fragile pressure gradients exist, which 
have historically made investigations difficult [43, 44, 45]. For example, heat 
tracer methods have been used to measure the fiow in the xylem [46]. This 
method has problems, it is invasive and the placement of the probes and 
wound response can be a source of error [47, 48]. A reliable estimate of the 
sap conducting area is also needed to accurately calculate the fiow. This is 
difficult to achieve due to the diurnal shrinking and swelling of the stem and 
the changes in sap conducting area with changing climatic conditions [49]. 
NMR has been demonstrated to be capable of non-invasively investigating 
the xylem and phloem fiow in small plants in the laboratory [50].
1.3 Portable NM R
This thesis presents the continued development and demonstration of a portable 
NMR device. Whilst portable NMR is a relatively recent development it has 
been applied successfully to problems in a number of areas [51].
The development of portable NMR devices is owing to advances in com­
puting power, the reduction in size of electrical devices and to the ready 
availability of high strength permanent magnetic materials such as NdFeB 
that can be fabricated into desired shapes. It is still a developing field and 
many of the magnets being developed rely on a fine balance between many 
factors including size, weight, field strength, homogeneity and portability. It 
was the oil industry with the creation of the Los Alamos NMR well logging 
project [52] that pushed forward the development of portable magnets. This 
project led to the development of pulsed NMR well logging devices that are
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routinely used today [53, 54]. Parallel to the development of the well logging 
devices the first unilateral (sample outside of magnet) devices were being de­
veloped to measure moisture in soil, building materials and food [55, 56, 57].
Outside of well logging, the most successful portable NMR device is prob­
ably the NMR Mobile Universal Surface Explorer (MOUSE) first developed 
in the 1990s [58]. The NMR MOUSE is an example of unilateral mobile 
NMR, it is a one-sided hand held sensor that is placed on the surface of 
the sample and uses a high gradient to achieve spatial resolution a few mm 
into the sample. The NMR MOUSE has been demonstrated for, amongst 
others, use in food production and for the study of rubber tyres [59, 60]. 
The NMR MOUSE has continually been developed since its invention and 
the latest NMR-MOUSE was developed in 2007 [61]. Other examples of 
portable NMR devices include the constant gradient unilateral magnet for 
near-surface MRI profiling developed at the University of New Brunswick [62] 
and the NMR-MOLE [63]. The surface GARfield developed by the Univer­
sity of Surrey and Laplacian Ltd. (Oxon., UK) has been used to investigate 
concrete in the built environment [64].
In addition to the the unilateral magnets developed lightweight devices 
made from small blocks of permanent magnet in the Halbach geometry [65] 
have been used to study rock core samples at drilling sites [66] and Earth 
field NMR has been used to study Antarctic sea ice in-situ [67, 68].
Portable NMR systems have recently been applied to the study of mois­
ture in wood [69, 70] and have been used in cultural heritage for the in-situ 
investigation of degradation of wooden artwork by moisture [71]. The use of 
portable NMR to investigate living plants and trees is discussed in a separate 
section.
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1.4 N M R  on wood
NMR has many advantages over other methods used to investigate wood. 
It is non-destructive and non-invasive. Parameters such as the nuclear spin 
relaxation times of the water protons that are intimately related to water 
mobility and confinement can be measured and spatially mapped. This has 
led, over the past 30 years, to NMR becoming an important method for 
the investigation and characterisation of wood. The literature produced over 
this time has been in a number of areas from early work measuring relaxation 
constants [72] to more recent work investigating the exchange between the 
lumen and cell wall water [73] and the bound water interactions and local 
wood densities [74]. This section provides an overview of the literature.
1.4.1 Relaxation tim e constants
NMR can be used to measure the transverse, 72, and longitudinal, 7i, nu­
clear spin relaxation times of water hydrogen in wood. These relaxation times 
depend on the local environment of the water molecule and are a refiection 
of its mobility. Multi-modal patterns for the relaxation constants have been 
observed. This suggests that the water molecules are in anatomically sepa­
rate compartments of the wood. If the water molecules were not in different 
compartments then, due to dynamic exchange between protons, a single av­
erage value for the relaxation rate would be expected. The relaxation rates 
and component amplitudes give information about the position of the water 
in the wood, its interaction with the cell wall, the moisture content of the 
wood and the presence of impurities such as paramagnetic ions. The major­
ity of the literature presenting relaxation constant measurements on wood 
has involved the use of softwoods due to their simpler structure.
The 7i and T2 distribution in softwood typically includes three compo­
nents. These are assigned to free water in the cell lumen, water bonded to 
the cell walls and protons in the wood solid. The different values observed
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for the transverse relaxation rate are each assigned to one of these areas. 
Below the FSP there are two values of T2 observed and above the FSP there 
are three. A short value ranging from 7/is [75] to 50 jis [42] is observed both 
above and below the FSP and has a constant amplitude. This short com­
ponent is assigned to protons in the wood solid, as short relaxation times 
are characteristic of solid environments. An intermediate component is also 
observed above and below the FSP and ranges from 1 ms to around 10 ms 
[76, 77]. This intermediate component is divided between water bound to 
cell walls and water in small clusters. The amplitude and relaxation time of 
this component increases below the FSP as the moisture content of the cell 
increases [78]. This is because as more water is added some hydrogen pro­
tons are shielded from the cell wall so the average relaxation rate is increased. 
This increase stops at the FSP point. A long, slowly relaxing, component of 
T2 is observed above the FSP only and ranges from 10 - 100s ms [76, 79, 80]. 
As it is only present above the FSP, this component is assigned to the bulk or 
free water in the cell lumen. The amplitude of this long component increases 
with increasing moisture content. The wide range of values reported for the 
long component of T2 can be explained by the variation in the size of the cell 
lumina in wood. It has been shown that the early wood lumina have longer 
T2 values than the smaller latewood lumina [79].
The value of T2 is dependent on the radius of the wood cell [80, 81]. This 
relationship can be explained using the Brownstein and Tarr model [82]. For 
cylindrical lumen the self-diffusion of the water molecules between the cell 
wall and interior of the cell determines the relaxation rate. The average re­
laxation rate depends on the fraction of molecules at the cell wall, where 
relaxation occurs more rapidly. Any one molecule spends a time near the 
wall proportional to the surface to volume ratio of the cell due to diffusion. 
Therefore T2 is proportional to the surface to volume ratio of the cell. As T2  
varies with the radius, and the radius of the cells will vary across samples, it 
has been suggested that a better approach might be to analyze the relaxation
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data using a continuous distribution rather than the usual fixed number of 
discrete components. The effectiveness of this approach has been demon­
strated and a number of possible approaches reviewed [81]. It was concluded 
that a combination of discrete and continuous distribution analysis is the 
best approach [77].
In hardwoods there are typically three T2 relaxation components relating 
to bound or cell wall water, water in fibre and parenchyma elements and water 
in the vessel elements. For four hardwood species fast T2 values between 0.75 
ms and 3 ms and intermediate T2 values between 10 ms and 100 ms have 
been reported [83]. These values can be assigned to the bound water and 
the water in the fibre and parenchyma elements respectively. In other work 
a slow, greater than 100 ms, T2 component has been reported and assigned 
to the water in the conducting vessel elements [37, 50, 83].
As with Tg, the Ti relaxation values reported in the literature provide 
evidence for there being three distinct proton populations in wood, with fast 
exchange of protons between the free water and cell wall and the cell wall and 
solid wood protons [84]. It is often observed that bound water has long T\ 
and short T2 values whereas confined water, such as water in the cell lumen, 
haa T1/T2 > 1.
Below the FSP it has been observed that the solid and cell wall compo­
nent have the same value. This suggests exchange of protons between these 
sites [77]. Above the FSP a long value of Ti has been reported. This ranges 
from lO’s -lOO’s ms. This variation is explained by looking at a ID distribu­
tion of Ti across the growth rings. It can be shown that values of lO’s ms 
are from the smaller latewood lumen and the values of lOO’s ms are from the 
earlywood lumen [85]. Unlike T2 , that decays on a timescale shorter than 
the movement of water between cells and can therefore be used to estimate 
cell size distribution, values of up to 600 ms have been reported for Ti which 
means that proton exchange between cells can occur during the relaxation.
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In other work the multiple components of Ti relaxation in wood were related 
to variations in local specific gravity using a fast-magnetization-exchange 
model [85].
In more recent work 2D NMR relaxation exchange spectroscopy has been 
used to investigate wood samples. These experiments encode and measure 
the relaxation rate in succession, e.g. T1-T2 and T2-T2. The T1-T2 experi­
ment produces a map of T\ against T2 with the water in different compart­
ments in the wood shown as islands in the map. This, for example, can be 
used to separate components with similar Ti and different T2 or vice-versa. 
The T2- T2 experiment is used to show exchange of protons between anatom­
ically different environments. If there was no exchange then the first and 
second T2 measurements would be the same. However, when there is ex­
change the second T2 is seen as an off diagonal peak on the T2- T2 map [73]. 
These 2D experiments have identified two separate environments within the 
cell wall with comparable T2 values but different Ti values. The exchange 
rate between the cell walls and the lumen has also been estimated to be 1/30 
-1 / 3  ms“  ^ for sapwood [73]. In other recent work NMR relaxation analysis 
has been used to study the effect of coatings on the moisture sorption of 
wood and the effect of mountain pine beetle attack on lodgepole pine wood 
[86, 87].
1.4.2 N M R  imaging of wood
As well as being used to investigate and characterise the different environ­
ments of water molecules in wood, NMR has also been used to image the 
internal structures of wood. MRI techniques were developed in the early 
1970’s and first applied to wood in the mid 1980’s [88, 89]. This work used 
medical full body scanners to image wood samples. This gave a resolution of 
around 1 mm so only macro scale features, such sapwood regions and knots, 
could be distinguished. Much of the work using MRI to investigate wood has 
involved felled samples in large, high frequency scanners [89, 90, 91]. In one
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study 3D spin-echo magnetic resonance images of a 5 mm diameter branch, 
recently removed from a small beech tree, were acquired [92]. Microscopic 
features of the wood were identified and the moisture content at different 
positions measured. These high resolution images took up to 22 hours to 
acquire. In other work the ingress of water in welded wood joints was in­
vestigated by NMR imaging using a NMR scanner designed for use on small 
animals [93].
NMR imaging has also be used for monitoring water movement in wood
[94]. Using 2D MRI the dynamics of xylem cavitations and re-filling has been 
investigated. It was shown that individual vessels in woody lianas could be 
distinguished and by comparing images taken at regular intervals the signal 
was observed to disappear during dehydration. Magnetic resonance micro­
imaging and diffusion tensor micro-imaging have also been used to study the 
movement of water in wood with anisotropic water movement being observed
[95].
ID profile imaging has also been applied to the study of water in wood. 
ID NMR profiles have been used to image the penetration of D2O into wa­
ter logged archaeological wood [96] and to observe moisture content profiles 
across drying wood samples [97].
Almost all of the work using NMR to image wood is done using T2 con­
trast and the signal amplitude to distinguish features of wood. This is gen­
erally limited to high moisture content samples as short T2 signals cannot 
normally be detected by conventional means. This means that at low mois­
ture contents there is low signal and hence poor signal to noise ratio. An 
alternative is to use the Single Point Ramped Imaging with T\ Enhancement 
(SPRITE) method. This was found to produce better quality images at low 
moisture content than spin-echo methods [98].
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1.4.3 Diffusion in wood
In addition to the NMR relaxation and imaging studies of wood there is 
a small amount of literature describing the use of NMR to investigate the 
self-diffusion of water in wood. Pulsed field gradient (PPG) NMR techniques 
were applied to wood as early as 1985 where the restricted diffusion of water 
in douglas hr at two different moisture contents was studied [99]. A simple 
model of diffusion between two parallel planes was used and agreement be­
tween the NMR diffusion data and known anatomical features of the wood 
was found. PPG NMR has also been successfully used to measure the tan­
gential dimensions of cells in sugar pine, eastern red cedar, easter white pine 
and redwood [100]. The cell sizes in each wood species were found using three 
approaches: measurements of the apparent diffusion coefficient as a function 
of diffusion time, fitting of the echo attenuation with a formula incorporating 
the cell geometry and light microscopy. The cell sizes found using all three 
approaches agreed within error. The longitudinal apparent diffusion coeffi­
cient in the eastern white pine samples is shown to have only a small decrease 
from the diffusion coefficient of bulk water suggesting some, but less than in 
the tangential and radial orientations, restriction to diffusion. Pulsed field 
gradient stimulated echo (PGSTE) NMR measurements have been used to 
measure the restricted diffusion of water and toluene in the radial direction 
in scots pine wood [101]. The observed self diffusion coefficients were found 
to decay asymptotically as a function of diffusion time due to the restriction 
of the cell walls. The surface to volume ratio of the wood cells was found 
using the Padé approximation.
The effects of thermal treatments on the cell size in wood samples has 
also been studied using PEG NMR [102].
In recent work methane has been used in PGSTE NMR experiments to 
probe the longitudinal direction of the wood cells [103]. By using water to 
probe the radial and tangential dimensions and methane in the longitudinal 
direction the three dimensional structure of the wood cells was measured and
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was found to be in agreement with the known structure of the pine wood used 
in the work.
1.4.4 Living plants and trees
There have been a number of studies using NMR to investigate intact plants 
and trees although most of this has been done in the laboratory using large 
magnets with plants transported in pots. There are problems associated 
with using plants and trees in pots in the laboratory. For example it is not 
possible to completely recreate the natural habitat of the plant and often 
horizontal bore magnets are used which can lead to damage to the plant 
when positioning it in the magnet.
Work using NMR to study living plants began in the 1980’s with the first, 
non-imaging, measurements of water flow in plants using an intact cucumber 
plant [104, 105] and was followed by work using NMR and MRI to investigate 
net flow and diffusion of water in whole plants [106]. In the late 1980’s pulsed 
field gradient spin echo (PFGSE) techniques were used to observe bulk water 
flow in wheat grains [107].
Since this early work the development and use of NMR techniques for 
the investigation of living plants and trees has continued. The work includes 
the high resolution imaging of a 5 mm diameter, recently wounded, branch 
of a small, 3 m tall, beech tree [108, 109]. Pulsed held gradient MRI tech­
niques have been used to measure xylem flow in single vascular bundles of 
maize plants and in six day old seedlings [110, 111]. This PFG technique 
was speeded up with the introduction of the PFG-FLASH method which 
was shown to be capable of measuring xylem and phloem flow in a 40 day 
old plant, although with limited resolution [112, 113]. By combining flow 
encoding with a turbo spin echo (PFG-TSE) the flow profile of individual 
pixels were recorded in a time of 15-30 minutes in tomato and cucumber 
plants [114, 115, 116]. Detailed profiles of the phloem flow, which is diffi­
cult to distinguish due to the small area and large amounts of surrounding
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stationary water, have also been reported [50].
The use of NMR for imaging and the measurement of sap flow in intact 
plants demonstrated in the work above and in other work [117, 118] is still 
far from being a routine tool and dedicated equipment is required to further 
develop the techniques.
Laboratory based dedicated NMR equipment has been developed over the 
last decade leading to the building of a large climate controlled system capa­
ble of measurements on trees up to several metres tall and 40 mm in diameter 
[50, 119]. This system has 0.7 T and 3 T magnets and has been demonstrated 
to find the total amount of water per pixel, amount of stationary and flowing 
water per pixel and the average velocity of the sap flow.
In addition to this laboratory based work there has been a small amount 
of work using NMR on small living plants in greenhouses. This work includes 
the demonstration of a small permanent magnet system to study water con­
tent and transport in plants and a portable 0.47 T magnet that has been 
successfully used to investigate small living plants up to 20 mm in diame­
ter [120, 121]. The NMR-CUFF, a cylindrical Halbach magnet array with a 
novel hinge position to allow easy opening and closing, has also been demon­
strated on small living plants in greenhouses [122]. All of these portable 
systems have a maximum sample space of no more than 30-40 mm and are 
therefore too small to be used to study mature living trees.
1.5 In -situ  measurements of trees
The next step following on from this work carried out on living plants and 
trees using large magnets in the laboratory and smaller more portable mag­
nets in greenhouses is to investigate trees in-situ in the forest with real world 
conditions. The main aim of this thesis is to develop and demonstrate the 
use of a transportable NMR imaging device for use on living trees in-situ. 
Some of the non-destructive methods that have previously been applied to
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the investigation of living trees in-situ are reviewed in this section.
Many of the advantages of using NMR have been mentioned above. How­
ever, there are also difficulties involved in using NMR on living trees in the 
heal world’. The terrain around the trees will often be soft and difficult to 
move heavy equipment over and the tree trunks will usually grow in varied 
and irregular shapes making the positioning of the magnet difficult. Although 
these difficulties will also effect most other techniques. Also, as the magnet 
will be outdoors, problems arising from the large temperature variations, 
causing drift in the magnetic field, need to be overcome. Also any electro­
magnetic noise needs to be reduced. For these reasons dedicated devices 
must be developed.
There is a small amount of work in the literature presenting the use of 
dedicated NMR equipment for the investigation of living trees in-situ. In 
2006 the first outdoor MRI measurements of a tree using a portable MRI 
system were reported. A 0.3 T magnet was used to study a living maple tree 
[123]. The same group have also used portable MRI to image and investigate 
disease in small branches of a pear tree outdoors [124]. The system used 
comprises of a magnet that can be manoeuvred into place using a turntable 
and mechanical lift. The system can image tree branches less than 30 mm 
in diameter and up to 1600 mm above the ground. This limits it to use on 
young trees or low small branches. The setup time for the system, including 
the winding of a 20 mm RF coil directly onto the branch, was 30 minutes. 
The fact that the RF coil is wound directly onto the branch means that a 
new coil has to be wound each time a different branch or tree is studied. 
The magnet was used to acquire two dimensional Tg, Ti, proton density and 
diffusion weighted cross-sectional images of pear tree branches. The images 
were used to distinguish between normal and diseased branches of the tree. 
The electronic equipment has a mass of 100 kg and was transported using 
an electronic wagon, whilst the magnet weighs 57 kg.
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1.6 Other m ethods used in -situ
1.6.1 Ionising radiation m ethods
Tomographic images can be produced using ionising radiation such as x-rays 
or 7 -rays. The radiation source and detectors are rotated around the sample 
and the attenuation coefficient of the x-rays or 7 -rays is measured. In wood 
the attenuation coefficient is dependent upon cell structural elements and the 
moisture content. Computed tomography (CT) scanning has the disadvan­
tage that the radiation is ionising and that, as x-rays are strongly attenuated 
by water, the resolution reduces at high moisture contents [125]. CT mea­
surements have been reported on living trees in-situ [126]. The distribution 
of water in a tree was mapped and a comparison of water distribution in the 
same tree during drought and well-watered conditions was carried out [127]. 
Trees up to 720 mm diameter can be imaged using mobile CT equipment 
developed by Habermehl and Ridder (1992) (cited in [125]).
1.6.2 Ultrasonic imaging
Ultrasonic techniques have been used for non-destructive imaging of standing 
trees in-situ. Images are acquired by beaming ultrasonic waves at the tree 
from different directions [125] and then reconstructing the data to form an 
image. A 2D image of a living tree in-situ with a resolution of 5 cm has been 
reported [128]. In other work a 3D image of a standing tree was presented, 
also achieving a resolution of 5 cm with an acquisition time of around 45 
minutes [129]. The spatial resolution of this method is determined by the 
wavelength. Most imaging is carried out at a frequency between 50 kHz and 
1 MHz [125]. To improve the resolution of the images the frequency should 
be increased. However, as short wavelengths are attenuated more, increases 
above 1 MHz are limited. The main advantages of ultrasonic imaging are 
that it is cheap and able to image large samples. The disadvantages are
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limitations to the accuracy and resolution and the often large amounts of 
computer power required [125].
1.6.3 Microwave imaging
Microwave imaging uses the fact that the ions in the wood cell wall polymers 
are polarized by the electric field of the microwave energy. The transmitted 
waves are modified, through absorptions and scattering, by interactions with 
the wood. The investigation of wood structure using microwaves is based on 
the determination of its dielectric properties. The analysis of the signal is 
relatively simple and images are reconstructed by measuring the amplitude, 
phase and polarization of the waves [125]. Microwave imaging techniques 
were developed for industrial applications such as detecting internal defects 
during wood drying and processing. Microwave imaging is more often used 
to image vegetation, such as forest canopies rather than individual standing 
trees. It has been used to detect forest fires [130] and to retrieve biophysical 
properties such as biomass density [131]. Laboratory images of living trees 
have been acquired [132] and the microwave imaging of a living conifer was 
carried out at with resolution of 5 cm [133]. The resolution of microwave 
imaging is limited and only macroscopic features can be resolved.
1.6.4 Thermal imaging
To acquire a thermal image a heat source is required. This is usually a laser 
beam although sometimes the tree is heated directly which can cause damage. 
The heat source is directed at the tree and the heat propagates through the 
wood. The way the heat moves is dependent on the thermal impedance of 
the sample. In a tree heat transport is related to the fibre direction, moisture 
content and the density of the wood material [134]. A map of the thermal 
gradient is calculated from the temperature distribution and from this an 
image is created. Thermal imaging has been used to observe stem water
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transport in standing trees and to investigate the structural timber in historic 
buildings [135, 136] (cited in [125]). Completely non-destructive thermal 
imaging has been carried out using an infrared camera to obtain images of a 
standing tree in-situ [136]. A video camera was used to convert the thermal 
energy being radiated from the tree into an image. Thermal imaging has the 
advantages that it is fast, around 2 minute image acquisition time with the 
camera, and has a better resolution than ultrasonic or microwave imaging 
with a resolution of 1.3 mm when 1 metre from the tree [125].
1.6.5 Dendrometers
Dendrometers are devices that are used to measure changes in the diameter 
of trees which can then be related to fluctuations in the water content. The 
dendrometers monitor either the radius (point dendrometers) or circumfer­
ence (band dendrometers) of the tree. It is thought that the diurnal changes 
in the stem diameter that are seen to occur (shrinkage during the day and ex­
pansion at night) are due to transpiration during the day causing a depletion 
of stored water [137]. Although there is some work that suggests dendrom­
eters alone are not sufficient for detailed monitoring of radial growth and 
water content [138].
1.6.6 Elect rokinetic
Electric potential in the tree can be sampled using stainless steel rods in­
serted into the sapwood and referenced to an electrode in the soil. Electrical 
variations are interpreted as electrokinetic effects associated with sap flow. 
By comparison with heat flow methods correlation between electrical changes 
and sap flow is seen [139].
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1.7 Timber drying
The second objective of this work is to demonstrate the use of the Tree 
Hugger to investigate the drying of felled timber. This section will review the 
theoretical and experimental attempts to describe the movement of moisture 
during wood drying developed over the past 30 years.
Moisture in felled wood exists in three phases, water vapour, liquid water 
and bound water, in the non-hygroscopic range above the FSP and in two 
phases, water vapour and bound water below the FSP [140]. The removal of 
moisture from the wood is an important factor in the processing of timber 
although there are still many open questions regarding the water loss in wood 
[14]. There is also disagreement between drying models. A review of four of 
the most frequently used models in the wood drying literature found many 
differences in predictions between models. In two of the models the transverse 
diffusion coefficient was found to increase with decreasing moisture content in 
contradiction with the other two models and numerous experimental results 
[140]. Another review of twelve wood drying models stated that ‘there was 
a high variability between models results that was not in close agreement 
with the test runs. It might be due to uncertain coefficients for the models, 
different degrees of simplifications, and different ways of solving the heat and 
mass transfer equations [140, 141].
In sapwood, above the FSP, the drying is usually assumed to be via liquid 
flow through the capillaries and the movement of water vapour to the surface. 
Whilst below the FSP the drying is via by the diffusion of bound water and 
the movement of the water vapour.
1.7.1 Types of models
The simplest models developed do not calculate spatially resolved data and 
only give information describing the change in the total mass of the wood 
with time [142]. In order to fully understand the drying process spatially re­
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solved data is required and many models have been used to calculate spatially 
resolved moisture content profiles [143, 144, 145, 146, 147]. In order to test 
the validity of these models spatially resolved experimental data is required. 
This data has been obtained throughout the literature using a number of dif­
ferent methods including destructive gravimetric slicing methods [145, 146]. 
There are many errors associated with this method, including the fact that 
each sample can only be used for one measurement during the drying period 
so many samples are needed and variation across samples needs to be taken 
into account. CT [148], neutron [149] and NMR imaging [97, 147] have been 
used as non-destructive methods to acquire spatially resolved drying data for 
wood samples. Although the NMR work to date has mostly been limited to 
small samples below the FSP and to the surface layer of the wood.
Throughout the models described in the literature there are two methods 
used when comparing the theoretical data to experimental data. The models 
can be fitted to the experimental data [150] and the parameter values that 
best fit the data found using techniques such as least squares fitting [151]. 
Another option is to extract the parameters, such as the diffusion coefficients, 
from experimental data [142, 146, 152, 153, 154]. If the model contains 
parameter values that must be experimentally determined then this limits 
its predictive capabilities.
Whilst the majority of the models in the literature concentrate on one 
dimensional drying there are a number of two and three dimensional models. 
These models are effectively very similar to the one dimensional models, with 
the extension to two and three dimensions achieved by the addition of one or 
two terms to the one dimensional diffusion or transfer equations [145, 155].
There is also a small section of the literature developing models that ac­
count for the heterogeneity of the wood and better represent the variation in 
moisture content distribution across for example the earlywood and latewood 
regions [156].
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1.7.2 Below the fibre saturation point
A large section of the literature is concentrated on the drying of wood below 
the FSP, this region is simpler due to the lack of free water and is often 
modelled using solutions to the diffusion equation:
where D is the diffusion coefficient, t is the time, C is the moisture con­
centration and X  is the position. This is often done with concentration and 
temperature dependent diffusion coefficients and the moisture concentration 
gradient as the driving force of the drying. In one simple model the wood is 
considered to be a continuous and homogeneous medium and the actual phys­
ical mechanisms behind the moisture transport are not considered [157, 158]. 
The mass flow at the surface of the wood is calculated using a correction 
coefficient:
Pwood ^  exp(5o +  -t- b2 T) (1.2)
P w ater Pwood
where 60,1,2 are constants found from a fit to experimental data, T  (K) is 
temperature, M  (kg/m^) is the moisture content and pwood (kg/m^) is the 
density of the wood. This correction was introduced by [159] to take account 
of the wood surface’s resistance to evaporation. The moisture flux M  (kg/s) 
per unit area A  (m^) can then be calculated using:
^  (1-3)
J-x IVy 1 P w ater
where Ry is the gas constant of water vapour (461.5 J/kg/K), py (Pa) is 
the partial vapour pressure of water in the surroundings and at the surface 
(*) and /5 (m/s) is a mass transfer coefficient. The correction is a property 
of the drying material alone and should therefore have wide applicability in 
conditions other than those presented in the paper.
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The effective diffusion coefficient, Deff (m^/s) is calculated using:
D e f f  = exp(flo T CLi h CL2 T) (1.4)
Pwood
where ao,i,2 are constants found from a fit to experimental data.
Above the FSP, which is calculated as a function of temperature, T (K), 
using:
F S P  = 0.603 -  0.001 X T  (1.5)
Deff is considered a function of temperature only.
Moisture content profiles below the FSP were found using a gravimetric 
slicing technique and found to be in good agreement with the calculated 
profiles.
Another, more complex, approach to the modelling of moisture transport 
is the ‘multi-Fickian’ or ‘multi-phase’ method. This is a well known approach 
[160] and has previously been applied to the study of other porous media 
such as zeolite beds [161]. It has recently been applied to the investigation 
of moisture transport in wood to describe observed non-Fickian effects [147, 
162, 163]. In this model the moisture transport is characterised by three 
phenomena, water vapour diffusion in the cell lumina, the sorption of bound 
water and bound water diffusion in the cell walls, as illustrated in figure 1.3. 
These processes are described by:
Sc ~
- ^  =  V - ( D „ - V c „ ) - c  (1.6)
^  =  V-(Pi-Vcfc) +  c (1.7)
where c (kg/m^) is the water concentration, D (m^/s) is the diffusion coef­
ficient tensor, t (s) is time, c is the sorption rate and the subscripts v and b
represent water vapour and bound water respectively. The sorption rate is 
used to describe the phase change of the water from vapour to bound. This
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Figure 1.3: Diagram illustrating the moisture transfer in the wood cells. Image based 
on [163].
phase change occurs when the driving potentials, water vapour pressure and 
bound water concentration, in the two phases are not in equilibrium. In or­
der to compare the two a sorption isotherm, which represents equilibrium, is 
used to convert them to the same basis. This is shown in figure 1.4 where 
water vapour pressure, py, is converted into a saturated bound water concen­
tration, Cfe5, or bound water concentration, c&, is converted into wood vapour 
pressure, pyw, that is in equilibrium with it.
The diffusion coefficient used in equation 1.6 is assumed to be the diffusion 
coefficient for vapour in air with a reduction factor, f , to take account of the 
restricted geometry of the lumina and the resistance in the pits between cells 
[147, 162]. This diffusion coefficient is found using:
By = a  2.31 X 10- 5 P atm
P atm  “t“ P v  \  273
T 1.81
(1.8)
where T  (K) is the temperature and Patm is the atmospheric pressure.
For Db, used in equation 1.7, an Arrhenius type diffusion coefficient is used 
in the literature [162, 164] and is related to the activation energy (kj/mol).
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F igure 1.4: Conversion of driving potentials through a sorption isotherm, m is the 
moisture content and h is the relative humidity. Image reproduced from [162]
E, using:
Db =  Do exp
- E
R T (1.9)
where the activation energy is constant in all orientations, the diagonal terms 
of Do (m^/s) are related to the direction of the diffusion and R  is the universal 
gas constant (kJ/mol/K). For the bound water the longitudinal diffusion 
coefficient is assumed to be 2.5 - 3 times greater than the tangential [162, 163].
This model has been shown to accurately describe the moisture trans­
port in wood and be in close agreement with experimental moisture content 
profiles during drying below the FSP [147].
1.7.3 Above the FSP
Simple models that make many basic assumptions and use simplified physics 
not considering the actual physiology of the wood or the actual mechanisms 
behind the drying have been shown to be capable of accurately describing the
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drying of wood above the FSP [165]. One simple model attempts to describe 
the drying of wood from high MC to around 10% MC [166]. The drying is 
split into two periods; a constant rate drying period above the FSP and a 
falling rate drying period below the FSP. The falling rate drying period is 
modelled using an analytical solution to the diffusion equation, equation 1.1  
[160]. The average moisture content is then found by integrating the solution 
over the dimensions of the timber and dividing by the cross sectional area 
of the timber. In order to increase the versatility of the model, rather than 
taking the value of the equilibrium moisture content, used in the analytical 
solution, from the published tables, the authors used an empirical relation­
ship based on kiln temperature and relative humidity. The constant rate 
drying period is assumed to exist until the slope of the diffusion controlled 
falling rate period against time matches the slope of the constant rate period. 
The average moisture content, Mavg^  during the constant rate period is found 
from:
^avg = C X t  Mi (1.10)
where C (s“ )^ is the constant drying rate coefficient, t  (s) is the time and Mi
is the initial moisture content. The model makes the assumptions that the
temperature, air velocity and relative humidity are constant throughout the 
drying and that the evaporation rate is proportional to the difference between 
the actual moisture content on the surface and the moisture content required 
to maintain equilibrium with the surroundings. In order to determine em­
pirical relationships for the diffusion coefficient used below the FSP and C, 
used above the FSP, gravimetric measurements of timber drying were taken 
and a regression analysis carried out. The diffusion coefficient, D (m^/s), is 
expressed as a function of temperature (°C) and density, p (kg/m^) using:
D(1Q-^) =  1.89 +  0.127 X T -  0.00213 x p (1.11)
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and C is given by:
C(10"^) =  -11.743 -  0.0376 x T +  0.163 x ry +  0.0127 x p (1.12)
where ry (m) is the timber thickness.
This model makes many assumptions to simplify the description of the 
drying process and uses only a few parameters in its description of the coef­
ficients. The model is likely to have limited predictive capabilities. However 
it is shown to be accurate over a range of moisture contents in the scenario 
presented in the paper. As with the other models in the literature that do 
not present spatially resolved data, the model is limited in the amount it can 
further the understanding of moisture transport in wood.
The rationale for the use of diffusion mathematics to describe the drying 
of wood above the FSP is presented in [151]. It is argued that the drying 
is controlled by and therefore can be characterised by diffusion through the 
surface fibres that are below the FSP, rather than capillary movement in the 
interior. The model described uses finite difference solutions to the diffusion 
equation with an effective diffusion coefficient, Deff  (cm^/s), and boundary 
conditions that describe the surface evaporation. The boundary condition is 
described by:
^  = { S /D ,„ ) { M ,-M ,)  (1.13)
where S  (cm/s) is the surface emission coefficient and ilfy and Ms (%) are 
the equilibrium and surface moisture contents respectively. The effective 
diffusion coefficient is calculated using:
Deff — Aexp(—C/T) exp(B x M/100) (1.14)
where T  (K) is the temperature, M  is the moisture content and A  (cm^/s) and 
B  are experimentally determined parameters. This semi-empirical Arrhenius 
type equation was first developed in the 1960’s [167, 168] where it was shown
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that the coefficient C (K) is similar for many species and is approximately 
5280. The parameters A  and C have physical meaning. A  is termed the pre­
exponential factor whilst C represents the ratio of activation energy to the 
universal gas constant {E/R).  E  represents the minimum energy resulting 
from collisions between molecules necessary to have a net displacement of the 
solute in the diffusion direction and A  is the probability of a collision [169].
Deff  is shown to vary with moisture content and temperature below the 
FSP and then with temperature only above the FSP. Above the FSP the 
moisture content at the FSP is used in the equation. This method of calcu­
lating Deff  as a function of temperature only above the FSP is used elsewhere 
in the literature [155, 165].
Work investigating the drying of slash pine has also shown that an equa­
tion of the form of equation 1.14 is the best model for the effective diffusion 
coefficients during timber drying [169].
In other work the movement of water both above and below the FSP in 
the longitudinal direction is modelled assuming that the driving potential at 
all moisture contents for all phases of water is the gradient of the moisture 
concentration with diffusion [165]. The model also assumes that the moisture 
is transferred in the longitudinal direction, there is no change in the wood 
dimensions and that the diffusion coefficient is constant. The value for the 
diffusion coefficient, 2 .2  xlO“  ^ cm^/s, was found from experiments at 30°C 
and 60% relative humidity [165]. In the same model the evaporation from 
the surface of the wood is described by:
E  =  Eo{Mo t^ ~ Meg) (1.15)
where, E  (cm/s), the flux of evaporation is proportional to the difference 
between the moisture content on the surface, Mo^ t (g/g), and the moisture 
content that is at equilibrium with the atmosphere, Meg. Fq (cm/s) is the 
rate of evaporation of pure water.
Both analytical, using a trigonometric series, and numerical solutions
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to equation 1.1 were presented. Both methods of solution were compared 
with gravimetric experimental data and shown to be in good agreement for 
the low temperature scenarios tested in the paper. This is a simple model 
and is unlikely to have much predictive capability past the limited scenarios 
presented.
In addition to the models described above other work using diffusion to 
describe wood drying above the FSP is found in the literature [170, 171, 172].
Whilst these simple models are useful in some situations more complex 
models which capture more of the physics involved are needed to fully de­
scribe and understand the drying process [144, 154, 173, 174]. In work 
comparing a comprehensive drying model involving temperature, moisture 
content and pressure distributions with two simplified models the authors 
conclude that although the comprehensive model is required to fully under­
stand the heat and mass transfer phenomena occurring it is computationally 
expensive and for practical purposes in the timber industry the simplified 
models are sufficiently accurate [175].
In a more complex model an expression for the moisture transport above 
the FSP is described. This model is based on the capillary flow of liquid 
water, due to capillary tension, and the movement of water vapour, due to 
partial water vapour pressure gradients [146]. It is shown that the moisture 
movement above the FSP can be described by:
where Deff  (m^/s) is the effective diffusion coefficient given by: 
l O G K y p y R T  K i p i  A B { M m a x  — M p s p ) ^
 +  T T  ^  ~ -(M  -  (1-17)
and G is the specific gravity of the wood at moisture content M, K  (m^)
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is the specific permeability, p (kg/m^) is the density, R  (J/mol/K) is the 
universal gas constant, T  (K) is the temperature, p (Ns/m^) is the viscosity 
and A  and B  are constants. The subscripts v and I define vapour and liquid 
parameters respectively.
This model attempts to take account of the underlying mechanisms be­
hind the drying and should be more predictive than the simpler models. 
However, as the number of parameters used in the models increases they can 
be fit to almost anything so it must be ensured that the parameter values 
are physically sensible.
Another model based on the physiological features of wood and the ob­
served behaviour of wood during drying is described in [145]. This model 
considers the temperature and the three phases of moisture separately in the 
heat and mass transfer equations:
GpPi
dT
~dt A AM.
d j v y  d j
dy ^
(1.18)
dt
d j y  %
dy dz (1.19)
where T (K) is the temperature, Cp (J/kg/K) is the specific heat of wet 
wood, A (J/m /K) is the thermal conductivity of wet wood, ps (kg/m^) is the 
density, AH^v ( J/kg) is the latent heat of water vaporisation, t (s) is time, 
M  is the moisture content and j  (kg/m^/s) is the sum of the free water, 
water vapour and bound water fiuxes in the y or z direction.
The model assumes that the flux of the water vapour is proportional to 
the gradient of the partial vapour pressure, (Pa), and can be expressed by 
Darcy’s law. The water vapour fiux, is given by:
Jv  —
K-uPv dpy
Pv dx (1.20)
where x  represents the y ox z direction, Kv (m^) is the gas permeability, pv is
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the density of water vapour and pv (Ns/m^) is the viscosity of water vapour. 
This vapour flux is assumed to occur both above and below the FSP.
The driving force for the movement of bound water below the FSP is 
considered to be the chemical potential and an expression is derived for the 
bound water flux which relates the chemical potential to local temperature 
and pressure gradients.
The third phase of moisture described in the model is the liquid phase 
above the FSP. The pressure gradients in the liquid are assumed to be a 
consequence of capillary action between the liquid and gas phases in the cell 
lumina.
These free, vapour and bound fluxes are used in numerical solutions to 
equations 1.18 and 1.19, where the boundary conditions are given in terms 
of measured external heat and mass transfer coefficients. Values for the 
majority of parameters in this model are found from measured values found 
in the literature whilst the bound diffusion coefficient used was a fitted value 
from the author’s previous work [176]. The model was shown to be able 
to predict, relatively closely, the moisture content profiles in heartwood and 
sapwood during drying from high moisture content to around 5% moisture 
content.
In other work describing more complex models the liquid flow is often 
described using Darcys law with different driving potentials such as capillary 
pressure [174, 177] or water potential [154]. The description of the vapour 
phase has also been extended to include the dry air with equations describing 
the fiux of the vapour and air containing diffusive and convective terms [144, 
173].
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Chapter 2 
Principles of N M R  and M RI
This chapter describes the theory behind the NMR and MRI techniques 
used in this work. This chapter presents a simplified description of NMR: 
full details can be found in different texts [178, 179, 180, 181] from which the 
material is drawn.
NMR exploits the fact that some atomic nuclei have the properties of a 
magnetic dipole and exploits the fact that these dipoles precess or ‘resonate’ 
in an applied static magnetic field. The resonance is excited with an oscil­
lating magnetic field (in the radio frequency (RF) range) and detected with 
a modified radio receiver. There are many different nuclei that can be used 
in NMR experiments, in this project it is the nuclei (proton) that is used.
In the presence of a static magnetic field, Mg, the proton has two possi­
ble quantum mechanical states, spin up or spin down where spin up is the 
low energy state and spin down is the high energy state. The ratio of the 
populations in these states is given by the Boltzmann factor:
where 7  is the nuclear magnetogyric ratio, Bq is the magnitude of Mg, h
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is the reduced Planks constant, ©y is the temperature in Kelvin and is 
the Boltzmann constant.
The Boltzmann factor is the exponential of the magnetic energy divided 
by the thermal energy. At room temperature there is a slight excess popu­
lation in the lower energy state. It is this excess of spins in the lower energy 
state that is visible to NMR as the rest of the spins cancel each other out. 
Even though proportionally this excess is a small fraction of the total number 
of spins the total number of spins is so large that there is a sufficient number 
of excess spins to give a measurable magnetization. The excess of spins can 
be increased by reducing the temperature of the sample, although as with 
a tree, this is rarely practical. Another option is to increase the strength 
of the magnetic field. The magnetization of these spins can be added as 
vectors. This means that, when the sample is in a static magnetic field, Mq, 
the motion of the spins can be described in terms of the precession of a net 
nuclear magnetization vector, M, which in equilibrium is aligned with the 
field, normally assumed to define the z axis. If the alignment of the net 
magnetization vector is disturbed it experiences torque. The magnetization 
vector then precesses about the field, Mg5 the Larmor frequency, w, given 
by:
u = jBjo (2.2)
The equation of motion for the net magnetization vector is described by:
dM
— iM . X Bjo (2-3)
and is found by equating the torque to the rate of change of angular momen­
tum. Equation 2.3 has solutions:
M z  =  c o s ( c j t  -t- (/))
M y = cos(wt -t- (j)) (2.4)
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The disturbance to the alignment of the net magnetization vector can be 
caused by RF irradiation at the Larmor frequency.
2.1 Excitation and relaxation
The magnetization vector can be rotated away from the z direction by a 
radio frequency excitation pulse. The RF pulse induces a second oscillating 
magnetic field, B_pp. The frequency of this second field is chosen to be equal 
to the Larmor frequency to ensure maximum interaction with the nuclear 
magnetization. This second field is turned on in a pulsed fashion in order to 
rotate the nuclear magnetization by a certain angle given by;
Q — ^B_rf  ^ (2-5)
where t is the length of the RF pulse and 6 is the angle of rotation. If a 90° 
pulse is applied the net magnetization vector will rotate into the transverse, 
xy, plane. The magnetization then relaxes back to equilibrium, aligned with 
Bjq along the z axis, via two processes, with time constants T2 and Ti. The 
signal acquired in NMR experiments comes from coherent magnetization 
processing in the transverse plane producing a measurable amount of RF 
signal, at the Larmor frequency.
The time constant, T2, describes the loss of coherence of the magnetiza­
tion in the transverse plane and is described by:
^— x,y _  —a:,y /g Q)
This leads to an exponential decay of Mx,y5 given by:
=  M x , y ( 0 )  eXpi-t/Ti)  (2.7)
where t is time. The loss of coherence results from the microscopically dif­
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ferent local magnetic fields at different molecular sites due to inter-nulear 
interactions.
This process is called the spin-spin relaxation as the spins come to ther­
mal equilibrium between themselves. In practice the time constant Tg equals 
rp^ apparent depends on a combination of relaxation due to molecular in­
teractions, 7 2^^“®, and to local applied field variations and gradients, T2 * 
such that:
1 1 1
+  (2-8)Ti apparent r p  T ru e  r p  ■2 -^ 2 ^2
The effects of the local field variations can be reversed using an echo se­
quence. As the spins making up the net magnetization experience a different 
field at different positions in the sample they will rotate at different Larmor 
frequencies and therefore the net magnetization will begin to de-phase. If 
the magnetization de-phases for a time, r , after the initial 90° pulse a 180°
pulse can then be applied to invert the spins so that after a further time,
r, the spins will re-phase and produce a coherent magnetization vector and 
an echo signal can be detected. This process is illustrated in figure 2.1. T2  
can be measured using a chain of echoes, created by applying a succession 
of 180° pulses at intervals of 2r. This is called a CPMG pulse sequence, 
named after Carr, Purcell, Meiboom and Gill who developed the sequence 
[182, 183], and is shown in figure 2.2. The attenuation of the echoes is due to 
spin-spin relaxation processes only and T2 can be found by plotting the echo 
amplitude at increasing 2n r  values where n, the echo number, is an integer. 
The 180° pulse is out of phase by 90° with the initial 90° pulse so that the 
echos are always positive and successive echos are 180° out of phase with 
each other so the small turn angle of two successive 180° pulses cancel each 
other out.
The 7"i or spin-lattice relaxation time is the time taken for the return 
of the magnetization to equilibrium along the longitudinal, z-direction. The 
relaxation depends on the amount of molecular motion at the Larmor fre-
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b) d)
Figure 2.1: Diagram showing de-phasing and re-phasing of spins during an echo se­
quence. a) 90 degree pulse, b) Spins de-phase, c) 180 degree pulse inverts spins, d) Spins 
continue at same rate but are now re-phasing, e) Coherent magnetization vector, echo 
signal detected. Reproduced from [1].
90. 180. 180. 180. 180.
2t 2t 2t 2 t
Figure 2.2: Pulse sequence diagram showing a CPMG pulse sequence.
quency and involves exchange of energy between the spin system and the 
surrounding thermal reservoir or lattice. A description of this process is 
given by:
M a - M ,
d t . Ti
Ti is measured using an inversion recovery pulse sequence. This sequence, 
shown in figure 2.3, is used as the magnetization along the longitudinal axis 
cannot be directly measured. The inversion recovery sequence begins with a 
180° excitation pulse. This pulse rotates the net magnetization from along +z
45
to along —z. The magnetization then begins to recover back to equilibrium 
via Ti processes. Before the magnetization can fully recover a 90° pulse 
is applied. This rotates the magnetization into the transverse plane where 
the signal is detected and its amplitude measured. This is repeated, after 
a delay, RD, to allow the magnetization to fully return to equilibrium, with 
increasing time, r , between the 180° and 90° pulses. A plot of time between 
pulses against signal amplitude gives an exponential recovery described by:
Mz{t) — Mo(l “  2 exp{—r/Ti}) (2 .10)
180 90 18^
RD
L .
180
Figure 2.3: Pulse sequence diagram showing the inversion recovery pulse sequence.
Ti is always greater than or equal to This is illustrated by plotting 
T2 and Ti against the correlation time, Tc, shown in figure 2.4. The cor­
relation time is the characteristic time of the autocorrelation function for 
molecular motion. The autocorrelation function describes how rapidly the 
local magnetic field fiuctuations, that cause relaxation, change in magnitude 
and direction [184]. At short Tc, in liquids, the fiuctuation of the spins aver­
age to zero and this is known as the extreme narrowing condition and T2 is 
long and has similar values to T%. As Tc increases and the molecular motion 
becomes slower there is a T± minimum corresponding to the resonance fre­
quency, when uq = 1/tc. In solid, rigid lattice, environments at long Tc T2  
decreases and T\ increases. This is because local fields are ‘static’ causing T2  
dephasing and there are no fiuctuations at Wg to cause T\ energy exchange 
with the lattice.
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Liquids:
T,=T,
Solids: 
long Ti
Ti minimum.
Solids: Tj 
short
F igure 2.4; Plot showing the dependence of the relaxation times on the correlation time,
Tr.
The relaxation rates can be related to the pore size in porous media. 
This is because there is an increase in the relaxation rate of liquids when 
introduced to the pores compared with the liquid in the bulk. The observed 
Ti and T2 relaxation rates, are related to the surface to volume ratio 
of the pores by [185]:
1 1
+
1
(2.11)
assuming that there is a fast exchange of molecules between the surface and 
bulk regions of the pore [186]. Here Tf g ^ 1,2 the bulk and surface 
relaxation times, 5 /y  is the surface to volume ratio of the pore and A is the 
thickness of the layer at the surface of the pore involved in the increased re-
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laxation rate. In porous media there is often a distribution of pore sizes which 
leads to a distribution of relaxation rates. The multi-exponential relaxation 
data can be inverted, using the inverse Laplace transform, to give relaxation 
time distributions which can then be related to pore size distributions.
2.2 Imaging
2.2.1 M agnetic field gradients
In order to image a sample, spatial information is required. This information 
is acquired by applying magnetic field gradients. The first magnetic reso­
nance images, of water in test tubes, were presented by Lauterbur in 1973 
[187]. The gradients cause the nuclei in the sample to experience slightly 
different magnetic fields depending on their position. The local changes in 
B q mean that the Larmor frequencies of the spins show spatial dependence. 
This means that parts of the sample at different locations will have different 
frequencies given by:
uj{r) = j Bjq + 'yG-r  (2 .1 2 )
where G is the component of the gradient field parallel to r is position 
along the gradient and 7  is the magnetogyric ratio. Bg can be given in any 
direction such that:
How these gradients are applied to produce NMR images is described in the 
following sections.
2.2.2 k-space
During data acquisition the NMR signal data is stored in a temporary image 
space known as k-space, the spatial analogue to frequency [188, 189]. k is
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defined as:
k  =  (27t ) ^ G t (2.14)
where t is time and k is given in units of reciprocal space, m“ .^ k-space 
can be traversed by moving in either time or gradient amplitude whilst the 
direction traversed is determined by the direction of the gradient, G.
2.2.3 ID  profile imaging
If a gradient is applied following a 90° excitation pulse but before the 180° 
refocusing pulse and again during the echo acquisition, as shown in figure 
2.5, then a ID profile can be created. This applied gradient is called the read 
or frequency encode gradient, and causes spins to process at a frequency 
dependent on their position along the read-axis. The acquisition echo is 
recorded by sampling data points at certain intervals separated by the dwell 
time, tdw, as illustrated in figure 2.5.
RF
Read
Gradient
90 180
Signal. y y
Acquisition
echo
Figure 2.5: Pulse sequence diagram of a ID profile imaging experiment. Grey circles 
illustrate data points separated by tdw
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A ID profile of the sample is then found by Fourier transforming the acquired 
echo signal, I{k),  given by:
7(A) =  J  Mop{r)exp(ikr)dr (2.15)
where Mq is the signal per unit volume and p{r) is the density of the spins.
The resolution of the ID profile can be increased without increasing the 
acquisition time by, for example, increasing the amplitude of the gradient 
pulses. The image pixel size, Ar, can be estimated using:
27T
Ar =  — ■ (2.16)
'ydrtdw'^s
where pr is the read gradient strength and is the number of points, sepa­
rated by the dwell time, tdw, acquired during the acquisition echo.
Increasing the resolution will however, decrease the S/N ratio per im­
age pixel so more averages may be required. Whilst the pixel size can be 
decreased infinitely the image resolution is limited to about:
(2.17)
which equates to the natural linewidth between two pixels.
2.2.4 2D imaging
2D images can be acquired using a spin-warp sequence shown in figure 2.6 
[190]. This sequence is the same as the ID profile sequence with the addition 
of a phase gradient, pp, applied between the 90° pulse and the 180° pulse 
along the phase encode-axis. This process is called phase encoding as the 
phase gradient imparts a phase to the spins dependent on their position 
along the phase encode axis.
The gradient is only applied for a short pulse and the spins remain out of
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Figure 2.6: Pulse sequence diagram of a 2D spin warp imaging experiment.
phase for the remainder of the acquisition. The experiment is repeated for 
varying amplitudes of Qp, from -Qp to -\-gp. The sample can then be mapped 
along both the read and phase axis and a 2D image can be built. The 
resolution of the image can be increased by increasing the maximum value of 
Qp or Qr^  increasing the number of steps in the phase gradient or by increasing 
the duration of the gradient pulses. However, increasing the number of steps 
in the phase gradient increases the acquisition time, given by the number of 
averages taken (NS) multiplied by the relaxation delay (RD) and the number 
of phase encode steps, which can become very long. The relaxation delay is 
the time between scans and is used to allow the magnetization enough time 
to return to equilibrium before the next scan.
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2.2.5 3D imaging
One method of acquiring 3D images is to extend the 2D spin warp sequence 
above and apply an additional phase encode gradient along the third axis. If 
this method is used then the experiment has to be repeated for each phase 
encode step along the the first phase encode axis followed by each phase en­
code step along the second phase encode axis. This can lead to prohibitively 
long acquisition times.
Another option for obtaining 3D data is to use slice selection [191, 192]. 
This sequence is shown in figure 2.7. This involves the application of a slice 
gradient, ^5, applied orthogonal to the chosen slice direction, in conjunction 
with a shaped 90° RF excitation pulse. Only the spins in the region, or slice, 
with a Larmor frequency the same as the bandwidth of the RF pulse will be 
rotated into the transverse plane. The frequency content of the usual square, 
or hard, RF pulse is sine shaped; this leads to spins with frequencies either 
side of the Larmor frequency being rotated by less than 90°. To improve the 
selectiveness of the slice a selective, or soft, 90° pulse is used. This is shaped 
as a sine or Gaussian pulse due to their square frequency distribution. The 
thickness of the slice, dg, is given by:
ds =  (2.18)
where Az/ (Hz) is the bandwidth of the RF pulse and Çs is the amplitude 
of the slice gradient. The thickness of the slice can be controlled by the 
amplitude of the slice gradient and the length of the RF pulse.
The second and third orientations can be mapped using read and phase 
gradients as described above.
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Figure 2.7: Pulse sequence diagram of a 3D slice selection imaging experiment.
2.3 Diffusion
As with imaging magnetic field gradients are used in the NMR analysis of 
diffusion. The pulsed field gradient (PFG) method, first proposed by Mc­
Call, Douglas and Anderson in 1963 [193] and demonstarted by Stejskal and 
Tanner in 1965 [194], is a common method of measuring fiow and diffusion. 
In this sequence, shown in figure 2.8(a), a pulsed magnetic field gradient, 
with duration 6, is applied after a 90° pulse. This rotates the magnetization 
into the transverse plane. This gradient pulse induces a position dependent 
phase shift, ÿi, of the spin transverse magnetization. If the gradient, with 
strength p, is applied along the æ-axis the phase shift, (f>i, is described by:
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( f>i=igxàxi  (2 .19)
where Xi is the position of the spin and 7  is the magnetogyric ratio. A
180° pulse is then applied. This transforms into —ÿi. A second identical
gradient pulse is then applied and produces a phase shift,
<62 =  l%7z^ KC2 (2 / 20)
where X2 is the spin position during the second gradient pulse. This gives a 
net dephasing:
1 9 x à {x i -  X2) (2 .21)
during the sequence. This shows that any spins that are stationary between 
the two gradient pulses will have a phase shift of zero. Spins that move, 
either by flow or diffusion, will have a phase shift. As diffusion is a random 
movement of spins it results in a random phase shift and an attenuation of 
the signal. The Stejskal-Tanner equation:
I{g) = I{Qi)exp - 7 W r ? ( A - [ (2.22)
describes the effects of diffusion on the NMR signal, /(p), where D is the 
diffusion coefficient, A is the time between gradient pulses, 7  is the magnet­
ogyric ratio, p is the gradient strength and 5 is the gradient pulse duration.
The diffusion coefficient can be found by measuring the magnitude of the 
signal as a function of p or A and plotting In (/(p)//(O)) against —
|) .  The diffusion coefficient is then given by the gradient of the graph [194].
In analogy to k-space a reciprocal space, p, can be defined where:
q = (27r)-^7^p (2.23)
Equation 2.22 can then be written:
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I  (g) =  l { 0 ) e x p — Air^q^D ( A  — ^ (2.24)
Often it is useful to replace the 180° pulse used in the PFG sequence with 
two 90° pulses, as shown in figure 2.8(b). This results in the magnetization 
being stored parallel to Rg only being attenuated by Ti relaxation so 
the coherence can be stored for a longer period. However, some of the signal 
will be lost as only the half the magnetization can be stored this way.
2.3.1 Restricted diffusion
NMR diffusion experiments can be used to probe the structure of porous 
media. Due to the confining nature of the pore boundaries on the molecular 
motion the acquired NMR data is characteristic of the pore morphology. 
The simplest method involves the measurement of the apparent diffusion 
coefficient, Dapp^  as a function of diffusion time, A. For bulk water:
<C Z>
Do -  (2.25)
where r is the distance diffused by a molecule in time, t. The diffusion
coefficient, Dq is constant for all t in bulk water. For molecules confined in
a pore, illustrated in figure 2.9, and for short diffusion times:
A «  (2.26)
where Tpore is the pore radius, the average distance diffused by a molecule:
rdiff = ^ 2 DqA  (2.27)
is much less than rpore- The diffusion of the molecules is therefore unrestricted 
and for small diffusion times Dapp approaches Dq.
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F igure 2.8: Pulse sequence diagrams of spin echo PFG experiment (a) and stimulated 
echo PFG (PFGSTE) experiment (b).
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For longer diffusion times:
A  > pore (2.28)
so that Tdiff > Tpore the molecules will experience confinement, as illustrated 
in figure 2.9, and the apparent diffusion coefficient will reduce as a function 
of diffusion time. For isolated pores at long diffusion times Dapp approaches 
zero. For interconnected pores or semi-permeable porous cells the diffusion 
coefficient reduces to a constant, greater than zero, value described by [195, 
196]:
Dr. ^
(2.29)n
where a is the tortuosity factor and takes account of the details of the con­
fining geometry.
Cr?
Figure 2.9: llustration of isolated pores with random walk of molecules in the short time 
limit (black) and being confined by the cells walls in the long time limit (blue).
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There are many models that can be used to describe effect of restricted 
diffusion on the PFG NMR signal. Depending on the geometry of the confin­
ing pores and the parameters used in the experiment different models must 
be considered.
One model that can be used to measure restricted diffusion in pores is 
given by:
(2.30)
where ti  and T2 are the times that the echo is attenuated by Ti and T2  
relaxation for respectively, g is the gradient amplitude, 5 is the gradient pulse 
duration and 7  is the magnetogyric ratio. P(r) describes the distribution of 
pore sizes, r, and for a lognormal distribution is given by:
P{f) = expv27rcrr
In (r/rp)
2cr2
2 -,
(2.31)
where Vq is the mean cell radius and cr is a dimensionless measure of the 
width of the distribution.
This is one example of a model that can be used to describe the effect of 
confinement on diffusing molecules. A complete description of the methods 
and models used to measure and describe restricted diffusion can be found 
in [179].
2.3.2 2D diffusion
Diffusion anisotropy, and hence anisotropy in pore structure, can be investi­
gated using diffusion-diffusion correlation exchange spectroscopy (DDCOSY) 
[197, 198]. The DDCOSY sequence is shown in figure 2.10. The sequence 
independently correlates motion in two dimensions using two successive gra­
dient encoding pairs applied either collinearly or orthogonally to each other.
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The signal is acquired as a function of the applied gradients, and is given 
by:
M{9Ï,g])
M{0) = (2.32)
where p is the probability of a signal contribution from the diffusion tensor 
elements, Du and Djj, A is the gradient pulse separation, ô is the gradient 
pulse duration amd 7  is the magnetogyric ratio.
The development of fast algorithms [199, 200] have, only in recent years, 
made it possible to routinely perform 2D inverse Laplace transforms on the 
2D NMR data. The Laplace transforms produce 2D correlation maps of the 
diffusion tensor elements. Isotropic diffusion is represented by diagonal peaks 
on the map and anisotropy by off diagonal peaks.
90 180 180
RF 1
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echo
Figure 2.10: Pulse sequence diagram of a spin echo DDCOSY experiment with orthog­
onal gradients, gi and gj.
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Chapter 3 
The Tree Hugger magnet
This chapter describes the Tree Hugger magnet and electronics used with 
it. This is followed by a discussion of the work carried out to improve the 
gradient amplifiers, the portability of the magnet and electronics, the signal 
to noise of recorded data and the homogeneity of the magnet.
3.1 M agnet design
The Tree Hugger magnet [1, 2] was specifically designed to fit around a ma­
ture living tree. Therefore it had to be open access and as lightweight as 
possible. The final construction resembles a traditional C-core design in ap- 
pearence but, in order to reduce the weight of the magnet, in design does not 
feature a magnetic material return flux path. Instead the magnetic material 
is set in two fibre reinforced resin substrate plates that are held 2 1 0  mm 
apart by a polymer block at one end. The two poles of the magnet comprise 
of five concentric rings made up using 174 small blocks of Neodymium Iron 
Boron (NdFeB), as shown schematically in figure 3.1. The size of the small 
blocks ranges from 25 x 20 x 9 mm^ in the inner rings to 28 x 57 x 18 
mm^ in the outer ring, whilst the radii of the rings range from 15.2 to 196 
mm. The optimal radial position of the rings was found, by Laplacian Ltd,
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using proprietary optimisation software in order to achieve a homogeneous 
magnetic field over a central sphere between the poles.
The magnet has a central field strength of 0.025 T with a proton (^H) 
resonance frequency of 1.1 MHz. This low frequency was chosen as the mass 
of magnetic material increases approximately linearly with field strength and 
a higher frequency would have made the magnet prohibitively heavy for one 
person to transport. The design homogeneity of the magnet was 1000 parts 
per million (ppm) over 200 mm diameter-sample-volume (dsv). However, due 
to inevitable imperfections and one magnetic block slipping by 1 mm during 
bonding the actual homogeneity is around 2000 ppm over 140 dsv. If it is as­
sumed the 2000 ppm is linear over a 70 mm distance (radius-sample-volume) 
then at the low frequency of the Tree Hugger this causes a field gradient of 
just 285 Hz/cm. The homogeneity of the magnet can be improved by shim­
ming. There are two methods of shimming the magnet, passive and active. 
Passive shimming involves positioning small pieces of magnetic material close 
to the original magnetic material in order to add to the field and reduce the 
inhomogeneity. Passive shimming has not yet been attempted on the Tree 
Hugger but has shown to be possible on other devices elsewhere [61, 201]. 
An active shim of the Tree Hugger magnet was carried out and the process 
is described later in this chapter.
As described in chapter 2 MRI requires magnetic field gradients. A stan­
dard set of NMR gradient coils was constructed for the Tree Hugger. The 
gradients use conventional current windings, made from aluminium rather 
than copper to save weight, set in resin plates along with water cooling 
pipes. Although the electrical resistivity of aluminium is higher than copper, 
2.65 X 10“® r^m compared to 1.7 x 10“® flm, the saving in weight was deemed 
more important. PTIOO temperature sensors are positioned at ‘hot spots’, 
where the windings are the thinnest, to monitor the temperature and avoid 
over heating and damage.
The gradient plates slide into slots along side the magnet poles, as shown
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Figure 3.1: Schematic of the magnet design showing open access frame and concentric 
ring design.
Figure 3.2: Images of the gradients being inserted into the Tree Hugger. The photo on 
the left shows the gradients part way inserted. The photo on the right the gradients are 
fully inserted.
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in figure 3.2. The access space between the plates is not reduced by the 
addition of the gradient plates. The gradients can produce a field gradient 
of 1.06 mT/m /A between the poles in the .z direction and 0.64 m T/m /A 
and 0.68 mT/m /A in the x and y directions respectively. The a;, y and z 
directions are illustrated in figure 3.1
The total mass of the magnet is 85 kg. This includes 22 kg for the 
magnetic material, 33 kg for the frame and 15 kg for each of the gradient 
plates.
3.2 RF probe and electronics
In order to be placed around a tree the RF probe has to have an open access 
design. The design chosen for the NMR coil, shown in figure 3.3, is based on 
a standard solenoidal winding except that it can be opened along its length. 
The coil is 14 cm in both length and diameter and has 20 turns. The coil was 
made by printing copper windings onto a large fiexible printed circuit board. 
A purpose built multi-way edge connector, made from PTFE and standard 
electrical fittings, is used to open and close the coil. The coil is surrounded 
by a multiple layer woven copper cloth faraday shield to reduce any external 
electro-magnetic noise. This is separated from the coil by PTFE spacers.
Conventionally an NMR probe is tuned to the desired frequency and 
matched to the correct impedance using capacitors only. As at low frequen­
cies the values of the capacitances that would be needed are large the Tree 
Hugger uses a slightly modified circuit more suited to low frequency, large 
volume NMR coils. The probe is tuned to 1.1 MHz using a capacitance in 
series with the coil, shown in figure 3.4, a series resistor then increases the re­
sistance to 12.5 D. A 4:1 Baiun transformer is used to match the impedance 
of the tuning circuit to the 50 Q, of the rest of the circuit.
Crossed diodes are used to protect the pre-amplifier, shown as RX in 
figure 3.4, and to reduce residual noise from the power amplifier. As the
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Figure 3.3: Photographs of the NMR coil open (left) and closed (right).
TX Power 
Amplifier
Series Crossed Diodes
Crossed Diodes 
to Ground —
Broadband 
transmission line 
4:1 transformer.
LCR Tuning
RF Coii Resistor
Figure 3.4: Schematic of the Tree Hugger sensor tuning and multiplexor circuit. The 
resistor in the LCR circuit is nominally 12.5 Ü, in practice it is 8 fl.
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diodes only allow voltage above a certain threshold to pass the series crossed 
diodes mean that the RF pulse from the power amplifier can pass the diodes 
to the coil but any residual voltage, that might add to the noise, from the 
power amplifier when the circuit is in receiver mode is blocked. The crossed 
diodes to earth are at the end of the A/4 cable that acts as an impedance 
transformer. They take any large voltage from the power amplifier, when in 
transmit mode, to earth and protect the pre-amplifier. When in receiving 
mode the signal from the coil is low so it cannot pass through either set of 
diodes and fiows into the receiver. The RF signal passes between these two 
sets of diodes along the quarter line cable (A/4) which is described in more 
detail below.
The radio-frequency electronics used in this project currently comprise 
of a Mar an DRX2 spectrometer (Oxford Instruments, Oxon, UK) and a 
1 kW Tomco RF power amplifier (Tomco Technologies, Australia) with a 
combined mass of 40 kg. During the first 12 months of the project a Mar an 
Ultra spectrometer (Oxford Instruments, Oxon, UK) was used. Three in- 
house design and build gradient amplifiers are used and are discussed later 
in this chapter.
This was the state of the magnet and spectrometer at the start of this 
project.
3.3 Commissioning the magnet
The Tree Hugger was designed to be lightweight and transportable as de­
scribed above. However, there were still a number of improvements and 
additions that could be made to further increase the portability and improve 
the quality of the data acquired. This section presents the improvements to 
the Tree Hugger made during this project.
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3.3.1 Trolley
In order to move the magnet easily into place around the tree a trolley was 
built. The trolley, built by Clive Muller at Forest Research, had to be made 
from non-magnetic materials so that it did not cause any interference with 
the magnet. The base of the trolley was made from G.R.P. grating made of 
phenolic resin (Captrad Ltd., Wigan, UK) and the wheels, axels and nuts 
and bolts were made from PVC and nylon.
3.3.2 Timber dryer
In order to study the drying of felled timber a heating system to dry the 
timber inside the magnet was designed and built. As part of the system an 
insulated glass dewar was built by Glass solutions Ltd. (Cambridge, UK). 
The dewar, shown in figure 3.5, has an external diameter of 100 mm and an 
internal diameter of 63 mm. This allows the dewar to fit inside the NMR coil. 
The glass dewar has a PTFE lid with holes cut in to allow dry hot air to be 
blown through. A heat gun, place directly above the dewar, is used to blow 
the hot air into the dewar via a glass tube. The heat gun is controlled by a 
temperature controller (GAL 9900, Central, Alloa, UK) using a PTIOO tem­
perature sensor placed inside the dewar. The wires between the temperature 
controller and the temperature sensor were surrounded by copper braiding 
to reduce any interference with the NMR signal. The heat gun is pulsed on 
and off, by the temperature controller, to keep the temperature inside the 
dewar steady. The air leaves the dewar through three 20 mm holes in the 
lid. The relative humidity inside the glass dewar is monitored by measuring 
the change in inductance of a relative humidity sensor (HGZ-D5, Multicomp, 
Ohio). The timber samples are placed on a PTFE stand that is suspended 
from the lid of the dewar.
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Figure 3.5: Photograph and schematic of the glass dewar used for drying of timber 
samples.
3.3.3 Replacing the A/4 cable
A common method used to protect the pre-amplifier whilst the power am­
plifier is transmitting is to use a A/4 cable between the coil and the diodes 
to earth. The position of this cable is shown in figure 3.4. This quarter 
wavelength cable acts as an impedance transformer. It has the property 
that;
Z .z. = |Z|: (3.1)
where Zi and Zq are the input and output impedances and Z  is the character­
istic impedance of the cable (50 U). This means that during transmit mode,
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when the diodes to earth have a voltage higher than their threshold and Zq 
is close to zero, the impedance at the other end of the A/4 cable is very high. 
Due to the high impedance in the cable most of the current from the power 
amplifier will then flow into the coil instead of through the A/4 cable. This 
A/4 solution is simple and has been proven to work reliably. However, as the 
wavelength goes as the reciprocal of frequency, at low frequency the cable 
can get very long. For the Tree Hugger, at 1.1 MHz, the cable is over 50 m 
long which is too large to be portable. A long cable will also be intrinsically 
lossy and may act as an aerial picking up interference signals so adding to 
the noise. For those reasons it was desirable to find another solution. As a 
replacement for the A/4 cable a lumped element A/4 was built and tested. 
This consists of a circuit that simulates the A/4 cable and can be contained 
in a small box [2 0 2].
The lumped element A/4 that was built consists of an inductor with two 
capacitors in a vr-network, as shown in figure 3.6.
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Figure 3.6: Diagram of the lumped element A/4 circuit (left) and a photograph of the 
built and tested lumped element A/4 contained in a 114 x 64 x 55 mm^ box (right).
For this circuit when u'^LC =  1, where L is the inductance and C is 
the capacitance, the circuit is at resonance and acts as a A/4 cable with 
a characteristic impedance of l/u)C. Using these two equations the values 
needed for the capacitors and inductor can be calculated. In order to match 
the impedance, 50 U, and the frequency, 1.1 MHz, of the Tree Hugger the
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required values are 2940 pF and 7.4 fiR.
The inductor was made by winding thin, insulated copper wire around a 
ferrite core. The correct number of turns was estimated using [203] :
TV =  100 X ^ ( L / A l )  (3.2)
where N  is the number of turns, L is the desired inductance and A l is the 
inductance per 100 turns of the ferrite core (from the ferrite manufacturer). 
The actual number of turns needed was then found empirically by winding 
a few turns more than the number given by the formula and unwinding 
(measuring the impedance after every turn) until the correct value was found. 
The inductor was then covered with epoxy resin and fixed to the side of the 
die-cast box using epoxy resin. This was done to reduce acoustic ringing, 
after pulsing, in the inductor to keep the dead time and noise as low as 
possible.
3.3.3.1 Testing the lum ped elem ent A/4
To test whether the lumped A/4 could function as a replacement for the 
A/4 cable the impedance as a function of frequency was plotted for both. 
Two different conditions were investigated, one with the components short- 
circuited to reproduce the situation when the system is in transmit mode and 
the crossed diodes to earth are conducting. In the second situation, which 
is equivalent to the system being in receive mode, a 50 Q dummy load was 
used to reproduce the 50 Q resistance of the pre-amplifier. Figure 3.7 shows 
the results of these tests. The figure shows that whilst connected to the 50 
dummy load the lumped element A/4 is more frequency dependent than the 
A/4 cable. However, this should not affect the operation of the lumped A/4, 
as at the operating frequency of 1.1 Mhz its impedance is almost identical to 
the A/4 cable. The results also show the equivalence of the two approaches 
when the components are short-circuited. The lumped A/4 gives almost the 
same inductances as a function of frequency as the A/4 cable.
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Figure 3.7: Plot showing the impedance of the lumped element A/4 and A/4 cable as 
a function of frequency, measured using a HP 4815A vector impedance meter. Cable 
shorted (circles), Lumped shorted (squares). Cable 50 load (crosses). Lumped 50 Q, load 
(diamonds).
The effect of the lumped element A/4 on the NMR pulse length was 
also investigated. There was not expected to be a significant effect as the 
impedance as a function of frequency is so similar for both components. 
The pulse length was found by measuring the amplitude of the signal at 
increasing pulse lengths. As the rotation of the magnetization gets closer to 
90° the signal amplitude increases and then as it rotates past 90° towards 
180° the signal amplitude begins to decrease. This is shown in figure 3.8. As 
expected this plot shows that the introduction of the lumped element does 
not have a significant effect on the pulse length.
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F igure 3.8: Plot showing the 90° pulse length for the lumped element (circles) and A/4 
cable (squares).
3.3.4 Water cooling
The gradient plates each contain water cooling pipes in order to prevent 
overheating and damage to the gradient windings. A water pump was in­
stalled to pump water around the magnet through these pipes. The pump 
is submerged in a container of distilled water and pumps the distilled water 
through the magnet, through a coil made from copper pipe and then back 
to the container of distilled water. The copper coil is submerged in a large 
water bath so that as the water passes through it after going through the 
magnet it is cooled before entering the magnet again.
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3.3.5 Gradient amplifiers
The gradient amplifiers are used to apply the gradient pulses and continuous 
first order x, y and z gradient shim currents through the gradient coils. The 
shim current is a constant DC current whilst the pulses are short and high 
frequency. The pulses essentially ride on top of the shim current.
The work in this thesis began using two lightweight, low cost audio am­
plifiers (QSC audio, California, USA). In an ideal amplifier the gain as a 
function of frequency would be constant for all frequencies. In practice this 
is not possible. There must be a high frequency cut-off where the gain will 
reduce. The upper cut off frequency for the audio amplifiers first used in this 
project is approximately 100 kHz. Although the manufacturers stated that 
the amplifiers had no low frequency cut-off in practice they did at 15 Hz, 30 
Hz or 50 Hz (depending on the filter settings). This led to problems with 
the rise and fall time of gradient pulses and a decay of the pulse amplitude. 
Figure 3.9 shows an illustration of a combination of two ideal pulses (solid 
line) and the actual pulses from the amplifiers (dotted line). The decay of the 
pulse amplitude is because the Fourier transform of the input signal has a low 
frequency (DC) component that doesn’t get through the amplifier due to the 
low frequency cut-off. This decay causes the fall of the pulse to ‘overshoot’, 
as shown in the diagram, and therefore it has to recover which means that 
if the second pulse is too close its amplitude will be affected. This recovery 
time is quite long and has been measured to be 80 ms. The rise time of the 
pulse is around 500 fis.
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Figure 3.9: Representation of ideal gradient pulse (solid line) and actual gradient pulse 
(dotted line) when using QSC amplifiers.
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A number of attempts were made to improve the performance of these 
amplifiers. This included stepping the gradient pulse up and down using 
five small pulses of increasing /  decreasing amplitude. The necessary pulse 
profiles were written in Pascal and added to the pulse sequence program, to 
compensate for and control the rise and fall shape of the gradient pulses. 
This approach improved the shape of the pulses. However, the recovery time 
was too long for this to be completely successful.
An attempt was made to measure the impulse response function, h(t), of 
the amplifier and then use the convolution theorem:
9(t) = f i t )  ® h(t)
G{u!) =  F{u)H{oj)  ^ ^
to calculate the input required, /(^), from the desired output, g{t). Where 
F{üü), G(u), and H(cu) are the Fourier transforms of f(t),  g(t) and h{t) 
respectively. The software code to do the calculation was written in the 
language IDL (Exelis Visual Information Solutions, Boulder, CO). However, 
although the maths works the solution could not be realised in the RiNMR 
software.
A 4 resistor was added in series with the gradient coils, to match the 
minimum load impedance of the amplifiers. This was done to help with the 
stability of the amplifiers.
Another attempt to improve the audio amplifiers involved removing some 
of the coupling capacitors from the amplifiers. This resulted in low gain at 
low frequencies, which can be used for the shim current and high gain at 
higher frequencies, for the pulses. The potentiometer for controlling the 
gain on the amplifier was fixed so that the gain was controlled solely by the 
computer output. It was set so the maximum output from the computer 
gives an output of 25 A from the amplifiers.
None of the above attempts to improve the amplifiers were completely 
successful so it was decided to design and build a new set of gradient ampli-
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fiers. Three in-house design gradient amplifiers capable of generating 25 A 
gradient pulses per channel at 30% duty cycle were built with Dr Abdullah 
Khalil (University of Surrey). These new amplifiers are also used to pro­
vide continuous first order x, y and z gradient shim currents through the 
gradient coils. Each amplifier comprises three stages of amplification: a pre­
amplifier stage based on NE5532AP (Texas Instrument) low noise Op-Amps; 
a driver stage based on MJE15032 NPN and MJE15033 PNP (ON Semicon­
ductor) devices; and a power stage. The power stage is based on four pairs 
of MJL4281AG NPN and MJL4302AG PNP (ON Semiconductor) transis­
tors in class B push pull configuration connected in parallel. The amplifiers 
are stabilised by negative feedback and are DC coupled throughout. The 
amplifier circuit diagram is shown in appendix A.
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Figure 3.10: Plot showing the voltage gain of the in-house build gradient amplifiers.
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The voltage gain of the new amplifiers, shown in figure 3.10, is set to 
38 dB and is linear to better than 1.5%. With a 1.5 resistive load, the 
pulse rise time is 10 fis (10 - 90% amplitude), this is a 50 times improvement 
over the original amplifiers. There is no measurable droop between pulses 
when using the new amplifiers; this was tested by observing two 1 ms pulses 
separated by various gaps from 3 -10 ms. The three boxed amplifiers together 
weigh 26.5 kg. The new amplifiers allow for diffusion measurements to be 
made and improve the quality of the images acquired.
3.3.6 M agnet insulation
As the field strength of the magnet is temperature dependent when working 
in the field with variable temperatures there will be a drift in the frequency 
of the magnet. The sources of heating include solar heating and instrument 
heating from the pulses and the gradients. In order to reduce the frequency 
drift the magnet was insulated using 50 mm thick Celotex polyisocyanurate 
insulation (Celotex Ltd., Ipswich, UK). Sheets of the insulation were cut to 
size and the magnet was ‘boxed in’. The effect of the insulation is shown in 
figure 3.11. Both plots were acquired with the same conditions, outdoors in 
direct sunlight, and show that the insulation made a significant difference to 
the temperature dependent frequency drift. The drift was twenty times less 
with insulation, reduced form 0.8 Hz/s to 0.04 Hz/s.
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Figure 3.11: Plot showing frequency drift due to solar heating with time of magnet with 
no insulation (squares) and with insulation (circles).
3.3.7 Shimming
As discussed above the design homogeneity of the Tree Hugger magnet, 1000 
ppm over 200  mm dsv, was not achieved and the actual build homogeneity is 
closer to 2000 ppm over 140 mm dsv. The inhomogeneity in the magnet leads 
to different parts of the sample experiencing different fields which can cause 
distortion in the signal and images. An active shim is used to improve the 
homogeneity of the magnet. This involves applying a low level, continuous 
current in the three gradient coils. In order to calculate the required currents 
the field of the magnet first had to be plotted and analysed. The field plotting 
and analysis procedure is described below.
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3.3.7.1 M icro-coil tuning
The field of the Tree Hugger magnet was analysed using specially built plot­
ting probes designed with Laplacian Ltd. and built in the mechanical work­
shop at the University of Surrey. These plotting probes, shown in figure 3.12, 
are aluminium poles with semi-rigid coaxial cable through the centre down 
to a 5 mm micro-coil. The top of the probe is connected to the electronics 
setup shown in figure 3.4, in place of the usual large RF coil. The micro-coil 
surrounds a small sample of water doped with MnCU. This sample is used 
to reduce the acquisition time, as the relaxation time of water is a few sec­
onds whereas the doped water relaxation time is of the order lO’s ms. The 
coil was wound by hand and has 11 turns of insulated 0.3 mm copper wire. 
Due to the small inductance of this coil and low frequency of the magnet a 
high capacitance is needed to tune the circuit. The values for the capacitors 
required to tune the circuit are given by:
uj‘^ L(C + C') = 1 (3.4)
where uj is the resonance frequency, L is the inductance of the coil and C and 
C  are the tune and match capacitances. Estimations of the required C and 
C  were made and found to be around 40000 pF and 1000 pF respectively.
In order to reduce the capacitance required an attempt was made to add 
an extra inductance in series with the coil. This was done following the 
process outlined in the 2008 US patent application publication by McDowell 
[204]. The idea behind this patent is based on the 1976 Hoult and Richards 
paper on the signal to noise ratio of NMR experiments [205]. Traditionally it 
is thought that adding extra inductance to an NMR circuit will increase the 
noise. The series inductance added to this setup was made using wire much 
thicker than used for the micro-coil, to reduce the resistance and therefore 
the noise. There must be no overlapping turns in this series inductance coil 
and the turns must be well spaced. This spacing ensures that there are no
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stray capacitances or eddy currents, which add to the noise, induced in the 
inductor. The values for the capacitors required to tune the circuit are found 
using equation 3.4 with L + Lgeries replacing L. This method of tuning the 
coil was unsuccessful. This may to be due to the extra noise added by the 
series inductance. This method was shown to work in tests carried out at 
2.75 MHz. However, there is a large reduction in signal to noise when moving 
to 1.1 MHz. This is because, as an estimate, the S/N goes as .
16 mm
4 ¥
Figure 3.12: Photograph of the plotting probe used to measure the field of the magnet. 
From left to right: Removable cover for micro-coil, Micro-coil and doped water sample, 
complete probe. The length of the complete probe is 655 mm, the size of the removable 
cover and micro-coil are marked on the photograph.
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The final method used to tune the micro-coil was a traditional series- 
parallel tuning. This method and other possible tuning techniques are de­
scribed in more detail elsewhere [2 0 2 ]. The values for C and C  used to 
tune the plotting-probe were 20942 pF and 2071 pF respectively, with each 
capacitor having a tolerance of ± 10%. The values for C and C  were found 
empirically by starting at the theoretical values found using equation 3.4 and 
adding and removing capacitance until the desired frequency was achieved. 
The value for C is lower than the theoretical value predicted. This is proba­
bly due to inductances added to the circuit by the rigid coaxial cable in the 
plotting probes. The box containing the capacitors was placed directly on 
top of the plotting probe to reduce the amount of cable needed, as different 
cables will affect the inductance and capacitance of the circuit differently.
3.3.7.2 Shim m easurem ents and field analysis
In order to analyse the field of the magnet the resonance frequency of the 
water was measured over the surface of a sphere by looking at the offset 
frequency of the frequency induced decay (FID). Two plotting probes were 
used to plot the sphere with one fixed at the centre as a reference and the 
other being moved to different heights, radii and angles to make a sphere 
of points. Two different spheres of 64 and 256 points were designed. An 
illustration of the 64 point plot is shown in figure 3.13 and a list of the points 
is given in appendix B. The first point used in the measurements, and point 
1 in figure 3.14, is highlighted in red. The points then spiral from around 
the sphere from the bottom to top.
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Figure 3.13: Plot of 64 points on sphere used to map magnet field for shimming. The 
point highlighted in red is the first point in figure 3.14.
A visual basic script was written to automate the measurements. The 
script automatically acquires the signal and outputs the data and frequency 
at each point from the RiNMR software into Microsoft Excel. This helped to 
increase the speed of plotting and data analysis. A typical plot of 64 points 
took around 60 minutes to complete whilst a plot of 256 points took up to 
four hours. As each (FID) only took around 15 seconds to acquire it was 
moving the probes between points that took the bulk of the time. As the 
field of the magnet is temperature dependent measurements over these time 
periods will be subject to a frequency drift. The reference probe was used 
to account for this drift. This probe was fixed at the centre of the sphere 
and a reference measurement was taken after every eight points taken by the 
moving probe. The frequency drift was then found from a linear fit to these 
points and subtracted from the data.
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The X, y and z gradients were used to obtain a first order improvement to 
the magnet homogeneity. A low level continuous current was applied to the 
gradient windings using three separate bench top power supply units (these 
shim currents are now applied using the spectrometer gradient drivers and 
the gradient amplifiers) to achieve a gradient throughout the field. First, a 
reference field with no gradients applied was plotted. This was done using a 
64 point sphere. Figure 3.14(a) shows the frequency of the field at different 
positions around the sphere. The variation of the field around the sphere 
is clear, with a large variation of up to 8-9 kHz between points. In order 
to minimise the variation in frequency over the plot the correct gradients 
needed to be chosen. The first step in choosing the ideal gradients to shim the 
magnet was to calculate the effect the current strength has on the frequency. 
From previous calibrations of the gradient strength it was known that the 
rr-gradient strength is 0.64 mT/m/A, the ^/-gradient is 0.68 m T/m /A and 
the z-gradient is 1.06 mT/m/A. Using these values and equation 2 .2  it was 
calculated that the frequency change for the z-gradient is 45 Hz/mm/A, for 
the ^/-gradient is 28.94 Hz/mm/A and for the a:-gradient is 27.23 Hz/mm/A. 
In order to calibrate the current needed to achieve the best shim dbl A was 
applied to the x, y and z gradients separately and six 64 point spheres were 
plotted. These plots were then be used to calibrate the current required to 
minimise the variation in the field. A least squared fit was used to calculate 
the currents required to achieve the best homogeneity. The values found were 
0.74 A in rr, -0 .2 2  A in ?/ and 0.38 A in the z gradient. Figure 3.14(b) shows 
the field with the calculated currents applied along all three gradients. This 
first order shim was found to give an improvement in the x  and y directions. 
However, there was much less improvement along the z axis.
An FID signal was acquired with no gradient applied and with a shim 
gradient applied in the x  ^ y and z windings (a;=0.74, y= -0 .2 2 , z=0.38 A). 
The Fourier transform of the signal was inspected and the width of the peaks 
measured. As expected due to the increased homogeneity with the gradients
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Figure 3.14; Plot of frequency for each position on a 64 point sphere (shown in figure 
3.13) in the magnet with (a) no gradient applied and (b) calculated shim gradients applied.
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applied the width of the peak was narrower than with no gradients. The 
width of the peak was reduced from around 5000 Hz with no gradients to 
around 2000 Hz with the shim gradients applied. The signal to noise ratio 
and signal size when the gradients were applied were both doubled compared 
to the signal with no shim gradient.
3.4 Phantom  sample
A phantom sample, shown schematically in figure 3.15, was used to carry out 
a resolution test and refine some of the acquisition parameters. The phantom 
sample comprised of a short, 120 mm diameter plastic cylinder with 37 holes 
drilled in to allow 8 mm internal diameter NMR tubes to be inserted. The 
NMR tubes had a basic lattice spacing of 11.8 mm which means there is a 
mark space ratio of 8:3.8 across the phantom. The NMR tubes were filled 
with water, with one left unfilled so the orientation of the phantom in the 
magnet could be determined. The image was acquired using slice selection 
and the parameters used for the living tree given in the chapter 4, table 4.1. 
A soft 90° Gaussian excitation pulse was used and the echo time, 2r , was 
set to 4 ms. The slice thickness was around 55 mm. The phantom image, 
shown in figure 3.16, shows significant shear distortion due to the residual 
magnet inhomogeneity most likely from the misplaced NdFeB block. During 
the image processing the data was zero filled to 128 points. The calculated 
pixel size is 1.1 mm, whilst based on the observation that the tubes are clearly 
resolved the actual image resolution is at least 2.5 mm.
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Figure 3.15: Diagram showing the arrangement of the test tubes in the phantom sample 
and the position of the missing tube.
The shear in the phantom image is largely well defined and can therefore 
be corrected during image processing. The shear was corrected using IDL’s 
WARP^TRI function. This function applies a specified geometric correction 
to the image array. Control or tie points are specified such that the locations 
(xi, yi) are shifted to (xq, yo). The grid of points defined by (xq, t/o) is 
triangulated and the surfaces defined by (xq, i/o, Xi) and (xq, t/o, yi) are 
interpolated to get the locations in the input array of each pixel in the output 
array. The IDL function INTERPOLATE is then used to obtain the result. 
The phantom image with the correction applied is shown in Figure 3.16.
Figure 3.16: 2D image of phantom used for resolution test with one tube left unfilled 
for image orientation (left) and image with shear correction applied (right).
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Chapter 4 
Longitudinal M RI study of a 
living bird cherry tree
This chapter describes the first experiments using the Tree Hugger to inves­
tigate a living tree in-situ. The feasibility of using the Tree Hugger to image 
mature living trees is shown as is its use as a tool for investigating the effects 
of the local environment. First the methods used to acquire and analyse the 
data will be presented followed by descriptions of the tree and the experi­
ments carried out. The experiments were conducted during the summer of 
2011, which in the south of England was charecterised by a long, hot and 
dry spring followed by a warm but wet summer compared to UK averages.
4.1 M ethods
NMR images were obtained using a 2D spin warp sequence as shown in 
figure 2.6. The read gradient was applied along the x-axis, shown in figure 
3.1, before the 180° pulse and during data acquisition. The phase encode 
gradient was applied along the z-axis and when used the slice select gradient 
was applied along the y-axis, parallel to the vertical tree trunk.
Table 4.1 shows the typical experimental parameters used. Using the typ­
ical parameters a 2D spin warp image takes around 34 minutes to acquire. 
This is calculated by multiplying the relaxation delay by the number of aver­
ages and the number of phase encode steps. The probe ring down time was 
set to 50 fis and the spectrometer filter stabilisation time, automatically set 
by the software, was 170 fis.
P aram eter Value
P90 hard/soft 0 .0 2 2  ms /  0 .1  ms
P 180 hard 0.042 ms
r  (P90 - P 180 pulse seperation) 2 ms (min) - 128 ms (max)
Sampling rate 50 kHz
Relaxation delay 1000  ms
Gradient pulse length (g  ^ /  g )^ 1 ms
gz (read) /  gy (slice) /  g  ^ (phase) 8.2 /  2.4 /  ± 8 .6  mT/m
Number of read points /  phase steps 64
Number of averages 32 (typical)
Table 4.1: Typical image acquisition parameters for 2D spin warp sequence.
As shown in table 4.1 the value of r  was varied from 2-128 ms, where r  is 
the time between the 90° pulse and the 180° pulse and 2r is the echo time. 
This was done to investigate the dependence of the image intensity on the 
echo time and obtain a spatially resolved estimate of the T2 relaxation time. 
By increasing r  water in different structural environments can be selectively 
imaged. This is because water hydrogen with a T2 shorter than the echo 
time will progressively attenuate in the image. A 13 mm internal diameter 
test tube filled with CUSO4 doped water was fixed to the tree to provide a 
reference signal. The T2 of this reference sample using the Tree Hugger was 
estimated to be 25 di 1.4 ms. This T2 was also measured using a 20 MHz 
magnet in the laboratory and found to be 40 ms. The value of T2 for CUSO4 
doped water is known to vary with the magnet frequency. The variation of 
this T2 as a function of concentration at frequencies between 5 and 60 MHz 
has been reported [206]. Figure 4.1 shows the T2 values from the literature
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at 5 MHZ and 60MHz and from experiments in this work at 1 MHz and 20 
MHz. The values measured with the Tree Hugger and 20 MHz magnets were 
in line with the values reported in the literature.
40
30 40 50
Frequency (MHz)
F igure 4.1: Plot showing linear relationship between T2 of CUSO4 doped water and 
magnet frequency. The plot shows the values measured in this work (at 1 MHz and 
20MHz (circles)) in line with the values reported in the literature (squares) [206].
The data was acquired using RiNMR version 4.6.0.0 (Resonance Instru­
ments, Oxon, UK) and analysed using programs written by the author using 
IDL.
In the images presented in this section the z-axis runs longitudinally up 
the page and the x-axis runs horizontally across the page. The right of the 
image, in subsequent text, will be referred to as the west side of the tree and 
the left side of the image the east of the tree.
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4.2 The tree
The tree used for the imaging experiments was a bird cherry {Prunus padus) 
located at Forest Research (Alice Holt Lodge, Farnham, UK) and is shown 
in figure 4.2(a). The bird cherry is a deciduous, hardwood tree. The chosen 
tree was planted in the late 1980’s and had a trunk diameter of 90 (±2) 
mm at the centre of the NMR coil 550 (±5) mm above the ground. The 
crown of the tree was estimated to be 2.5 - 3 m and the height of the tree 
was measured to be 6.1 m. The tree was chosen as it was growing unusually 
straight which helped the positioning of the magnet around the tree. The 
tree was part of a small plantation of around 20 evenly spaced, around every 
4 - 5 m, trees. The soil around the tree was sandy and well drained.
The magnet was left in-situ around the tree for three months in the sum­
mer of 2011 and at other times was wheeled to the tree when needed. Figure 
4.2(b) shows the Tree Hugger in place around the tree. The spectrometer 
and amplifiers were carried on a trolley and moved to the tree when needed. 
The electrical power was provided by a 25 m long cable from a nearby storage 
shed. If needed the power could be provided by a portable generator.
4.3 Weather stations
Two weather stations were used to monitor the environment around the tree. 
The first weather station was built as part of this project and was located 
2.5 m from the tree. The second backup weather station was located around 
150 m from the tree and is part of the Alice Holt facility. Table 4.2 shows 
the parameters measured by each of the weather stations. The soil moisture 
probes (ML2x ThetaProbe, Delta-T Devices, Cambridge, UK) were installed 
either side (east/west in the subsequent images) of the tree 1.5 m from the 
base. The sap fiow in the tree was measured using thermal dissipation probes 
(Dynamax Inc., Houston, USA). These probes were placed 750 (±5) mm 
above the centre of the NMR coil east/west on either side of the tree. The
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Figure 4.2; Photographs of the bird cherry tree at Forest Research (a) and of the Tree 
Hugger magnet around the tree (b).
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data from the sap flow probes were recorded using the same data logger as 
used to store the weather data.
W eather s ta tion  1 W eather sta tion  2
Distance from tree 2.5 m 150 m
Temperature Yes Yes
Relative humidity Yes Yes
Net radiation No Yes
Soil moisture Yes No
Rainfall No Yes
Table 4.2: Parameters measured and distance from the tree for the weather stations.
4.4 Image reproducibility and noise
In this chapter integrated intensities across different regions of the tree are 
presented. The image reproducibility and noise varies somewhat across the 
work in this chapter. This was due to problems with the electrical earthing 
of the laptop computer and the water pump for the cooling system. The 
image quality improves chronologically as improvements to the earthing were 
made. To assess the noise in the images the phantom sample was measured 
three times over a week. This was done post late August after the earthing 
problems had been improved. The total intensity of the phantom images 
was found to vary by less than 1%. For images acquired pre late August this 
variation was around 3%. Of course the image reproducibility and variation 
for the tree is harder to judge due to the water content continuously changing. 
By inspection of successive tree images during what was determined to be a 
quiet period and comparison with the phantom variability the reproducibility 
of the total intensity of tree images was judged to be around ±6% before late 
August and better than this after late August.
The additional attenuation of the signal by the molecular diffusion in
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the background magnet inhomogeneity gradient was considered. Taking the 
diffusion coefficient of free water to be D == 2.2 x 10~  ^ m^/s [207], the ad­
ditional attenuation at the maximum echo time, 256 ms, is 9.4%, at 128 ms 
it is 1.2% while at all other echo times it is less than 0.2%. The attenuation 
from the maximum imaging gradients was also calculated and at echo times 
of 256 ms and gradient pulse duration of 1 ms was found to be less than 
0.3%. Therefore diffusive attenuation due to the background and imaging 
gradients is negligible.
4.5 Image of tree
Figure 4.3 shows an example image of the bird cherry tree acquired in Septem­
ber 2011. The doped water reference test tube can be seen at the top of the 
image. This image was acquired with the standard parameters shown in ta­
ble 4.1 with no slice selection and an echo time, 2r, of 4 ms. The different 
structural areas in the tree can clearly be seen. The sapwood or xylem shows 
most brightly in red and yellow in the image. This is because the sapwood 
has the highest magnitude as this is where the majority of the water is found 
in the tree. The heartwood at the centre of tree is completely dead and has 
a higher proportion of extractives and much lower water content than the 
sapwood. The water content in the heartwood of cherry trees is typically 
50% and is therefore shown as the darker region in the centre of the image. 
The lower intensity outer ring is the bark where the water content and T2 is 
lower than the sapwood.
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Figure 4.3: Cross section image of the bird cherry tree, acquired in September 2011. 
The circle at the top of the image is the reference test tube.
Other work in the literature has reported that the brightest region in 
magnetic resonance images of tree cross sections is the cambial zone [50, 119, 
208]. The cambial zone is located between the bark and the sapwood and is 
typically 20 - 60 fim wide [209]. The images reported in the literature are 
high resolution and acquired with higher field strength than the Tree Hugger 
images. The cambial zone is not seen in the images in this chapter as the 
resolution is not high enough. The cambial zone is incorporated into the 
sapwood.
The shear correction to account for magnet inhomogeniety was applied 
to an image of the living tree using the same parameters as for the phantom. 
Figure 4.4 shows the tree image before and after the correction is applied. 
The improvement in the image after the correction is applied, especially on
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the left side of the tree, is clear from this example. This shear correction 
was not applied to any of the images presented in the results section of this 
chapter.
Figure 4.4: Images of the tree before (left) and after (right) the image processing cor­
rection is applied.
4.6 T2 relaxation
As previously described the spin-spin, Tg, relaxation time in wood is depen­
dant on the local environment of the water hydrogen. A set of comparable 
images, shown in figure 4.5, were acquired to obtain a spatially resolved esti­
mate of the spin-spin relaxation time. Images were acquired with increasing 
echo times from 4 ms to 256 ms to visualise water in different structural 
environments.
Regions of interest estimated to be the heartwood and sapwood regions 
were selected using IDL as illustrated in figure 4.5(b). The average signal 
intensity per pixel in these regions was calculated and is plotted in figure 
4.6. One and two component exponential fits were made to the data, using 
a least squares method in Matlab (MathWorks, Massachusetts, U.S.A). Two
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Figure 4.5: Cross section images of the tree with echo times of 4 ms (a), 8 ms (b), 16 
ms (c), 32 ms (d), 64 ms (e), 128 ms (f) and 256 ms (g). The white circles in (b) shows 
estimates of the sapwood and heartwood areas used in the analysis.
component fits gave the best fit to the data. Attempts made to fit the data 
with three components were not significantly better than the two component 
fits. The two component fits are shown in figure 4.6. The fits were then used 
to calculate the Tg values and component amplitudes in the sapwood and 
heartwood.
The errors in the data were determined by a combination of slightly vary­
ing the regions of interest so that marginal pixels were excluded and included 
differently and by repeatedly adding white noise at the same standard devi­
ation as the image background to the data sets. Analysis of simulated data 
with additional diffusive attenuation due to background field gradients, using 
the actual data acquisition echo times, shows that the resultant error in the 
longest measured Tg (111 ms) is less than 4%. This is shown in figure 4.7. 
Therefore the inhomogeneity gradient, while affecting the T2 measurement, 
is not a major source of error.
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F igure 4.6: Average intensity per pixel in the sapwood (squares) and heartwood (circles) 
as a function of echo time with two component exponential fits.
The calculated values, from the two component exponential fits for T2 and 
the component amplitudes are shown in table 4.3. These fits show a T2 of 2.8 
(±0.2) ms in the heartwood and 2.1 (±1.1) ms in the sapwood. These Tj’s 
can be assigned to the bound water in the cell walls of both regions. Similar 
values for the bound water in hardwoods have been previously presented in 
the literature with between 0.75 ms and 3 ms reported [83].
Region A m plitude per pixel (a.u.) Ï 2 (ms)
Sapwood 3.5 (±0.3) 111 (±4.3)
11.2 (±2.5) 2.1 (±1.1)
Heartwood 1.6 (±0.1) 39 (±3)
8.9 (±0.7) 2.8 (±0.2)
Table 4.3: T2 parameters for two component exponential fits averaged over the heartwood 
and sapwood regions.
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Figure 4.7: Plot showing the attenuation to the signal as a function of echo time due to 
diffusion in the background inhomogeneity (circles), T2 (squares) and the total attenuation 
(triangle).
A medium value of T2 between 10 ms and 100 ms for four different hard­
wood species has also been reported in the literature [83]. This medium T2  
value was seen in the living tree with a value of 39 (±3) ms in the heartwood 
and can be assigned to the liquid water in the heartwood cells. This compo­
nent has a lower amplitude than the fast T2 component in the heartwood. 
A slow. 111 (±4.3) ms, value of T2 was found in the sapwood. This slow 
component can be assigned to water in the vessel elements in the sapwood 
as reported in previous work [37, 50, 83].
The T2 values and amplitudes found in this work suggest that there is 
more mobile water in the sapwood than the heartwood. This is expected as 
the sapwood is where the water transport in the tree takes place whilst the 
heartwood is dead and contains much less water. From previous work in the 
literature on felled wood samples it would be expected that the amplitude of
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the slower relaxing components would be higher than the faster components. 
However, in this work on a living tree this was not the case. The opposite was 
found. This greater amplitude for the fast relaxing components in hardwood 
was also seen in [37] and was explained by the low proportion of vessels 
compared to smaller cells.
4.7 Daily cycle
For three days over one week during the summer of 2011 the daily cycle 
of the tree was investigated. Images of the tree were acquired from early 
morning until late evening on the 15^ ,^ 17*^  and 19*^  August. The total image 
magnitudes are shown in figure 4.8. Figure 4.9 and 4.10 show associated 
indicators, the net solar radiation and relative humidity.
On the 17*^  and 19*^  the image intensity starts moderately high in the 
early morning and falls back before the expected daily cycle begins. In con­
trast, the high start is not there on the 15*^ , or otherwise occurred earlier. 
This is thought to be due to the effects of relative humidity (RH) during the 
preceding night. There is low RH overnight on the 14/15*^ whereas overnight 
on the 16/17^^ and the 18/19^^ the RH is high. Due to the high RH, less water 
is lost overnight through the leaves on the 16/17*^ and the 18/19^^ compared 
to the 14/15*^ so that the amount of water stored in the tree trunk builds up. 
Then, as the tree becomes active in the morning, with increased radiation 
and falling RH, leaf transpiration increases and the stored water is removed 
from the tree trunk and the image magnitude decreases.
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Figure 4.8: Plots showing average image intensity for the tree for three non-consecutive 
summer days.
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Figure 4.9: Plots showing net solar radiation for the tree for three non-consecutive 
summer days.
The effect of RH can also be seen in the time of the maximum image 
magnitude on the 15^  ^ and 19*^ . On the 15^  ^ the RH starts low and drops 
early so that the image maximum is before noon. In contrast, on the 19*^  the 
RH starts high and drops late so that the image maximum does not occur 
until mid-afternoon. The effect of the net radiation can also be seen in the 
image magnitude plots.
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Figure 4.10: Plots showing relative humidity for the tree for three non-consecutive 
summer days.
The higher net radiation on the 19*^  along with higher soil moisture con­
tent on this day, shown in figure 4.11, leads to a higher peak in image mag­
nitude than on other days. A combination of low soil moisture content, low 
net solar radiation, and RH pattern (late morning fall and early evening rise 
in RH) on the 17^  ^ means that the tree is much less active on this day than 
the others and hence that there is less variation in image magnitude.
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Figure 4.11: Plots showing soil moisture content for the tree for three non-consecutive 
summer days. West side of tree (circles) east side of tree (crosses).
The results in this section show the image intensity, at the height of the 
tree investigated, increasing with increasing sap flow. This suggests that the 
moisture content is also increasing. This is the opposite to what is usually 
thought to occur. Dendrometer measurements often show the diameter of 
the tree decreasing during the day due to stored water being used up by 
transpiration [137]. The measured changes in diameter are known to vary
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at different heights along the tree [210] and the actual regions of the tissue 
that take part in water storage are still not well known [211]. Some of these 
questions could be answered by using the Tree Hugger to investigate spatially 
resolved changes in water content at different heights along the tree and for 
extended periods.
4.8 Soil moisture and droughting
The plots in figure 4.12 show integrated NMR image magnitudes and soil 
moisture content plotted over 8 days in late May and early June and 12 days 
in mid August 2011. Images were not acquired on all days due to rain. The 
magnitudes plotted are the maxima recorded each of these days for the inte­
grated sapwood region. Soil moisture was recorded every 30 seconds with 10 
minute averages taken 1-1.5 m from the base of the tree. The plots show the 
image magnitude falling and rising in strong correlation with the soil mois­
ture content. It can be seen in the plots that the magnitude in May/June 
decreases further and faster than in August (to 55% and 80% of maximum 
respectively) even though the soil moisture contents are similar. This in­
creased fall in magnitude can be explained by the lower relative humidity in 
May/June. The relative humidities for two days at the start of each period 
were compared. The lower relative humidity on 31^ * May and 1®* June (min­
imum of 37% and 36%, respectively) mean that more water can be lost via 
the leaves and the dry soil means there is limited water to replace the water 
lost via transpiration. The higher relative humidity on August 10*^  /  iT^ 
(minimum 55% and 75% respectively) means that less water is lost through 
transpiration so the tree retains more water and the magnitude drops at a 
slower rate.
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F igure 4.12: NMR image magnitudes (open circles with dashed line) and soil moisture 
content (blue) plotted over 8 days in late May and early June (a) and 12 days in mid 
August (b) 2011 . The lines joining the points are as a guide to the eye only.
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Figure 4.14 shows the soil moisture content for the 30^  ^ July to the 
August. For these three days the ground on the east of the tree was covered 
with plastic sheeting to keep the roots dry and the ground on the west was 
watered, as illustrated in figure 4.13. A sprinkler system was used to water a 
2x2.6 m  ^ area with around 1000 litres of water on the 30*^  July and around 
300 litres on the 3F^ July. The plot in figure 4.15 shows the image magnitudes 
over a twelve hour period on August. The graph shows greater magnitude 
in the east side of the tree. This is the opposite side to the wet ground. The 
sap flow plot in figure 4.16 also shows increased sap flow in the east of the 
tree.
West /  East
/
/
Figure 4.13: Picture to illustrate the experiment setup described in the text.
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Figure 4.14: Plot showing soil moisture content on east (dash) and west (solid) side of 
the tree.
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Figure 4.15: Plot showing image magnitudes in east (squares) and west (circles) side of 
the tree.
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Figure 4.16: Plot showing sap flow in east (dash) and west (solid) side of the tree.
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Figure 4.17: Plot showing image magnitudes in east (squares) and west (circles) side of 
the tree on P* September 2012.
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F igure 4.18: Plot showing sap flow in east (dash) and west (solid) side of the tree on 1®* 
September 2012.
0.3 
00:00 06:00 12:00
Time (GMT)
18:00 00:00
Figure 4.19: Plot showing soil moisture content on east (dash) and west (solid) side of 
the tree on V* September 2012.
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As a comparison data for the image magnitude, sap flow and soil moisture 
content for the 1^ * September is also shown in flgure 4.17, 4.18 and 4.19. On 
this day the soil moisture content was comparable either side of the tree and 
the image magnitude and sap flow is also equally comparable on either side.
The difference in image magnitude between the west and east sides of 
the tree on the P* August is confirmed by simple inspection of figure 4.20, 
from which the data is extracted, compared to flgure 4.3. The image shows 
increased magnitude in the east side of the tree. This increased amount of 
water in the opposite side of the tree to the watered ground suggests that 
the flow in the tree is moving in a spiral pattern - so called ‘grain rotation’ 
that is thought to aid uniform distribution of water resources within the tree 
[212]. To check this observation a bark strip close to the NMR measurement 
height was removed and the grain angle measured to be 14 (±0.5)°. This 
translates to a grain rotation of 195 (±25)° at the outside of the sapwood 
(40 mm from the centre of the tree) between soil level and the centre of the 
NMR coil. This is in good agreement with the NMR observation.
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Figure 4.20: Image showing the increased (red) image magnitude in the east side of the 
tree on 1*^  August 2011.
4.9 Seasonal changes
The changes in the moisture content and activity of the tree as the season 
changed from summer to autumn were monitored. Figure 4.21 shows plots 
of the image magnitude and net radiation for daily cycles of the tree on 
one day in mid summer and one day in early autumn, 15*^  August and 13^  ^
September respectively. These days were chosen due to their similar relative 
humidity and net solar radiation. On both days the image magnitude changes 
in correlation with the net radiation and the maximum image magnitudes are 
similar. However, there is much less variation on the 13^  ^ September. The 
ratio of minimum to maximum magnitude on 15^  ^August is 60% whereas on 
13^  ^ September it is 90%. This is due to the reduced number of leaves and 
change in colour of the leaves on the tree, shown in figure 4.22, in September 
leading to a lower transpiration rate (sap flow is an average of 340 g/hr
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compared to 1120 g/hr on 15*^  August) and less water being lost via the 
leaves. In September the tree appears to be just a reservoir of water, it is as 
wet as in the summer but with much less flow.
?
o' _ .Q  
: : 0 - 0  9
j Ô i  / :
é \
□ 'o
b
06:00 12:00
Time (GMT)
18:00
( a )
300
— 4
100 m
06:00 12:00 
Time (GMT)
18:00
(b)
F igure 4.21: NMR image magnitudes (circles) and net solar radiation (squares) plotted 
for 15^  ^ August (a) and 13*  ^ September (b) 2011. The lines joining points are a guide to 
the eye only.
4.10 Chapter conclusions
This chapter has successfully demonstrated a low frequency, transportable 
NMR magnet for the in-situ analysis of living tress. Images of a bird cherry 
tree acquired over a three month period clearly show the water distribution 
across the trunk with large contrasts in intensity between the high moisture 
content sapwood and low moisture content heartwood and bark. The system 
is able to distinguish between water in different structural environments by 
changing the echo time. This allowed water in the cell lumina and cell walls 
to be separately identifled.
The image intensity was shown to be strongly correlated with meteorolog­
ical conditions particularly relative humidity, soil moisture and net radiation 
and the response to changes in these conditions was shown to vary with the 
season.
I l l
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Figure 4.22: Image showing the change in the colour and amount of leaves on the tree 
between mid August (left) and mid September (right) 2011.
A further study demonstrated the tree response to differential soil mois­
ture by irrigating the soil on one side of the tree and keeping the other side 
dry. The images from the system had clear differences across the sapwood 
and illustrated that the water had followed the spiral grain 180° around the 
tree.
The results in figures 4.8 and 4.21 show an overall daily maximum in im­
age intensity during the middle of the day when the transpiration is expected 
to be highest and water reserves consumed most rapidly. This suggests a com­
plex interplay between the rates of charging and discharging of water from 
the roots and leaves respectively. To fully interpret this result further mea­
surements at different heights along the trunk and for full 24 hour periods 
are needed.
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Chapter 5 
N M R  diffusion study of sitka 
spruce tim ber and a living 
lenga beech tree
This chapter presents measurements of the self diffusion of water in felled 
timber and a living tree. The experiments on the living tree were conducted 
during the summer of 2012 at Forest Research (Farnham, UK). The weather 
in the south east UK during this period was unusually wet with up to 225% 
the average rainfall for the period and below average hours of sunshine [213]. 
The chapter begins by describing the methods used followed by the results 
of PFG experiments on bulk water, felled timber and a living tree.
5.1 M ethods
A diffusion study was made of bulk water, felled sitka spruce {Picea sitchen- 
sis) timber and a living lenga beech {Nothofagus pumilio). The time depen­
dence of the apparent diffusion coefficient, Dapp, was investigated. This can 
yield information about the confining microstructure of the wood. A stim­
ulated echo PFG (PFGSTE) sequence, shown in figure 2.8(b), was used to
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measure the diffusion in the bulk water, felled timber and living tree. The 
z-gradient was used to measure the diffusion in the horizontal (combined ra­
dial and tangential) direction through the tree and the ^/-gradient was used 
to measure diffusion in the vertical (longitudinal) direction. For the timber 
the z-gradient was used for all orientations and the sample was rotated inside 
the magnet. The gradient directions are illustrated in figure 3.1. The typical 
parameters used in the experiments are shown in table 5.1. The probe dead 
time was set to 50 /xs and the spectrometer filter stabilisation time was 170 
fis. RiNMR software was used to acquire the echoes and to measure the echo 
magnitude, I. RiNMR measures the magnitude of the echos by summing 
successive series of n points, where n is an integer specified by the user, in 
the data set and returning the largest average value. The echo magnitudes 
in this chapter were measured using 64 points. The echo attenuation due 
to diffusion was investigated as a function of diffusion time. The diffusion 
time was increased by increasing the gradient separation. A, in 20 ms steps 
from 40-200 ms. At each gradient separation between 6 and 10 echos were 
acquired with fixed timing parameters and varying gradient amplitude.
P aram eter Value
P90 0.022 ms
Sampling rate 50 kHz
Gradient pulse duration, 5 20 ms
Gradient separation, A 40-200 ms
Relaxation delay 1000-5000 ms
Gradient amplitude, g y 0 - 2 5  mT/m
Gradient amplitude, gz 0 - 27.5 mT/m
Number of acquisition echo data points 256
Number of averages 512 (typical for vertical direction in tree) 
1024 (typical for horizontal direction in tree 
and for timber)
Table 5.1: Typical parameters for PFGSTE experiments.
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Typical echo acquisition times for the timber and living tree were around 8 
and 17 minutes depending on the number of averages recorded. This means 
that a single PFGSTE experiment can become long as echos were acquired 
at up to 10 different gradient amplitudes for each value of A. A visual basic 
script was written in order to automate the measurements. The script allows 
the user to input a list of g and A values. The RiNMR software then acquires 
the echos and outputs the magnitudes to an Excel file for each combination 
of g and A. The data was analysed in Excel and Matlab using different 
models to describe the diffusion in the wood cells.
5.2 The tree and timber
The tree used for the diffusion experiments in this chapter was a lenga beech. 
The tree was planted in 1981 and is part of a plantation of around 30 much 
larger trees of varying species. Lenga beech is a deciduous hardwood. The 
trunk diameter at the centre of the NMR coil, 1000 (±5) mm above the 
ground, was 95 (±2) mm. The crown of the tree is estimated to be 2 - 3 
m and the height is measured to be 6.9 m. As with the bird cherry tree 
in chapter 4 (which was no longer accessible during the summer of 2012) 
this lenga beech was growing straight which allowed the magnet to be easily 
positioned around the tree.
The felled timber sample used in the experiments was from a large, ~  
300 mm diameter at breast height, sitka spruce. Sitka spruce is a softwood 
and is the main timber species in the UK [214]. The tree was located at 
Forest Research Northern Research Station (Edinburgh, UK) and was felled 
in November 2011. The tree was then left on the forest floor with the cut 
end of the trunk sealed using a roof sealant (Thompson’s, Sheffield, UK) 
to reduce moisture loss. A 50 x 50 x 50 mm^ sample of timber from the 
sapwood in the trunk of the tree was used in the experiments presented in 
this chapter. The moisture content of the felled timber sample at the start
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of the experiments was ~70%. The sample was stored in sealed plastic. 
After the final experiment using the sample, around 2 weeks after the first 
measurement, the moisture content was measured to be ~63%.
5.3 Diffusion of bulk water
In order to test the capability of the magnet and refine the parameters used in 
the diffusion experiments the diffusion coefficient of bulk water was measured 
at room temperature (between 20°C and 25°C). A 90 mm (dsv) spherical 
glass fiask was filled with water and placed in the centre of the NMR coil. A 
spherical fiask was chosen as the magnet has a 140 mm diameter spherical 
homogeneous region at the centre of the field. Echo attenuation data was 
acquired at nine gradient separations. A, between 40 and 200 ms using the 
z gradient and at three gradient separations using the y gradient.
For both the y gradient and z gradient data, following the method out­
lined in chapter 2, ln(/(g)/I(0)) was plotted against where q =  {2'ïï)~^^gô. 
A linear fit was then made to the echo attenuation data. The diffusion coeffi­
cients were then found from the gradient of the plots and equation 2.24. The 
fits to the echo attenuation data at all A values are also shown in figure 5.1(a) 
for the ^-gradient and (b) for the z-gradient. The diffusion coefficients calcu­
lated are shown as a function of diffusion time in figure 5.2. As expected this 
plot shows that the diffusion coefficients do not depend on the diffusion time. 
The average diffusion coefficient in the z direction is 2.3(4=0.1) x 10“® m^/s 
and in the y direction is 2.2(4=0.1) x 10“® m®/s. The errors were found from 
a least squares analysis. The values also agree well with previously published 
values for the bulk water diffusion coefficients, Dq, at 25°C of 2.13x10“® m®/s 
[207] and 2.3x10“® m®/s [215]. This shows that the experiment is working 
and that there is no droop in the amplitude of the gradient pulses and that 
the rise and fall times of the gradient pulses are sufficiently short.
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F igure 5.1: Echo attenuation plots for bulk water with A =  40 ms (circles), 60 ms 
(squares), 80 ms (triangles), 100 ms (diamonds), 120 ms (filled circles), 140 ms (filled 
squares), 160 ms (filled triangles), 180 ms (filled diamonds), 200 ms (crosses). Using 
the y-gradient (a) and z-gradient (b). Solid lines show linear fits from which diffusion 
coefficients are calculated.
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Figure 5.2: Plots showing the diffusion coefficient of bulk water plotted against gradient 
separation using the y-gradient (a) and z-gradient (b).
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5.4 Diffusion in felled timber
The apparent diffusion coefficient of water in the longitudinal, radial and 
tangential orientations of sitka spruce timber were measured. In the longitu­
dinal orientation it would be expected that that diffusion of the water would 
experience much less restriction than in the radial or tangential orientations. 
This is due to the length of the tracheid cells which can be up to 100 times 
the width [19].
5.4.1 Longitudinal
The average limit to the distance diffused during the experiment:
rdiff = \/2DoA  (5.1)
with the parameters in table 5.1 is around 30 /im which is much smaller 
than the longitudinal cell size, which in sitka spruce is typically a few mm 
[19, 20, 21]. Therefore free diffusion would be expected to be observed in this 
orientation.
Using a PFGSTE sequence, figure 2.8(b), the echo attenuation at increas­
ing diffusion time was measured. ln(/(q)/J(0 )) was plotted against and 
found to be linear. This is shown in figure 5.3. The apparent diffusion coeffi­
cients at each diffusion time were then calculated, as with bulk water, using 
a linear fit and equation 2.24, and are shown in figure 5.4.
Unlike the results for bulk water there is a reduction in the diffusion 
coefficient with increased diffusion time. If the diffusion coefficient is assumed 
to approach Dq at short diffusion times then a reduction of up to 50% is 
observed for Dapp at A=200 ms. This reduction could be lower as Dapp at 
small diffusion times may not equal D q. The only other work that could be 
found in the literature showing the apparent diffusion coefficient of water in 
wood as a function of diffusion time in the longitudinal direction reports a 
reduction of around 10% [100].
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Figure 5.3: Plot of In of echo magnitudes against for diffusion of water in sitka spruce 
cells in the longitudinal orientation at A =  60 ms (open circles), 75 ms (open squares), 80 
ms (closed triangles), 100 ms (open triangles), 125 ms (open diamonds), 150 ms (closed 
circles) and 200 ms (closed squares). Solid lines are linear fits to the data.
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Figure 5.4: Plot of the apparent diffusion coefficient for water in the longitudinal orien­
tation of sitka spruce against diffusion time, A.
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They suggest that the reduction is due to restriction, but not the ‘impen­
etrable type as in the tangential direction’. Methane has also used to probe 
the longitudinal structure of pine wood [103]. Two structural components 
were found in the fit of the diffusion data with mean lengths of 2 .8 8  mm and 
0.29 mm. These values were assigned to the longitudinal tracheid lumen and 
the height of the radial ray cells.
In other work on biological porous systems similar reduction in the appar­
ent diffusion coefficient are explained by a system of semi-permeable barriers 
[216, 217].
For systems with semi-permeable barriers the permeability^, K  (m/s), 
can be calculated using [216, 219]:
where d is the barrier separation, Dmf is taken to be Dapp at A= 2 0 0  ms and 
Do is the bulk water diffusion coefficient, d, in this work, is estimated to be 
21 /im. This was calculated using equation 5.1 with d=rdiff and A =  100  ms 
(from an estimate of where Dapp in figure 5.4 reaches an asymptotic value). 
A permeability value of 1.1x10”  ^m/s is obtained. This suggests an internal 
semi-permeable structure in the sitka spruce cells. For the permeability in 
eastern white pine longitudinal tracheids a value of 2.24x10“  ^ m/s can be 
estimated from the values presented in [100]. Other values of K  between 
2.9xl0~® m/s and 3x10“"^ m/s can be found in the literature for various 
plant cell membranes including ivy bark, apples, maize roots and pearl mil­
let roots [216, 217, 220, 2 2 1]. Although no structure within wood cells on the 
length scale needed to explain the reduction could be found in the literature.
^The permeabilities, K  (m/s) described here can be related to the, fluid independent, 
intrinsic permeabilities, k (m^) using k =  Kn/pg  where /z is the dynamic fluid viscosity, 
p is the density and g is the acceleration due to gravity [218].
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Another model that could explain the apparent reduction in the diffusion 
coefficient is that used to explain diffusion when there is exchange between 
sites with different diffusion coefficients [222, 223]. If exchange between two 
sites, for example the bound water and bulk water in the wood cell, is fast 
compared to the diffusion time then the spatial displacement of the free 
molecules is influenced by exchange and Dapp is reduced compared to D q. 
The influence of the bound site is shown to increase with increasing diffusion 
time [2 2 2 ].
Often when the diffusion coefficients are seen to be approaching a constant 
value with increasing diffusion time the tortuosity, a, related to the tortuous 
structure of the diffusion path and defining the limit of the diffusion can be 
determined using equaltion 2.29 [196, 224, 225]. The tortuosity factor for 
felled sitka spruce in the longitudinal orientation is estimated to be 1.95.
5.4.2 Radial orientation
For the radial orientation the average limit to the distance diffused during 
the experiment, around 30 /zm, is greater than the typical radial cell radius 
in sitka spruce [19]. This means that restricted diffusion would be expected 
to be observed and not a linear relationship between ln (/(g )//(0 )) and 
which is representative of bulk diffusion. PFGSTE experiments with the 
parameters shown in table 5.1 were used to investigate the echo attenuation 
due to diffusion. This was used to estimate the cell radius distribution in the 
radial orientation of sitka spruce. Echo attenuation data was acquired as a 
function of g at diffusion times between 60 and 200 ms. Plots of the echo 
attenuation as a function of g are shown in figure 5.5.
A global fit, using equation 2.30 discussed in chapter 2 and reproduced 
here:
z (g ,n ,r)
m
= I  P{r) exp (  -  l l D l )  exp -  j )  exp (  -  g ) , (5.3)
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was made to the data. Where ti and T2 are the times that the echo is atten­
uated by Ti and T2 relaxation for respectively, g is the gradient amplitude, 
6 is the gradient pulse duration and 7  is the magnetogyric ratio. P(r) de­
scribes the distribution of the cell radii, r. A lognormal distribution of cell 
radii, given by:
P(r) = exp
In (r/ro)
2(72
2 -,
(5.4)
where Tq is the mean cell radius and cr is a dimensionless measure of the 
width of the distribution, was used in the fits. The fits to the data are shown 
in figure 5.5.
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Figure 5.5: Echo attenuation plots for diffusion of water in the radial direction in sitka 
spruce with A: 60 ms (a) 75 ms (b) 90 ms (c) 120 ms (d) 160 ms (e) and 200 ms (f). Solid 
line shows global fit to the data.
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A first attempt was made to fit the data using constant values for Ti 
and T2 (fit 1). This did not give a good fit to the data. A second fit was 
then made to the data using Ti and T2  proportional to the cell radius and 
as an approximation T2 equal to Ti (fit 2 ). This was found to improve the 
fit. The ratio of the average residuals from the first and second fits (fit 1/fit 
2) is 30. The Ti and T2 relaxation times used in the fits in this section are 
therefore assumed to be proportional to the cell radius, r, and T2  is set equal 
to Ti. This assumption, that Ti and T2 are proportional to the cell radius, 
follows previous work in the literature in which the relaxation time for the 
lumen water is found to be proportional to the cell radius in wood cells due 
to the fast exchange diffusion model of relaxation discussed in section 1.4.1 
[80,81,82].
The relaxation times were calculated using:
Ti,2 =  r/Mi^2 (5.5)
where Mi ^2 (m/s) is a parameter describing the surface relaxation and r  is 
the radius of the cell. From the global fit to the echo attenuation data a value 
of 2 (±0.3) xlO“  ^ m/s was found for Mi^2 - This compares with values in 
the literature of 1.43 xlO"^ m/s and 1.37 xlO“  ^m/s for redwood and white 
spruce respectively [80]. These literature values were found at an NMR 
frequency of 90 MHz. As shown in chapter 4 relaxation times can vary by up 
to a factor of 4 between the low frequency in this work and measurements 
at 90 MHz. The variation in relaxation time as a function of the cell radius 
found from the global fit to the echo attenuation data is shown in figure 5.6. 
The relaxation times found compare with the typical range for softwood cells 
found in the literature of 10-100  ms for T2 in the lumina of white spruce and 
around 50-150 ms for T% in hemlock wood [81, 85].
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Figure 5.6: Plot of Ti and T2 relaxation times as a function of cell radius for the radial 
direction in sitka spruce.
Prom the global fit to the data the a values for the pore size distribution 
was found to be 0.45. The calculated distribution of cell radii is shown in 
figure 5.7. From the fit to the experiential echo attenuation data the mean 
cell radius was found to be 12 .2  fim. The distribution of cell radii found 
is in the typical range reported for sitka spruce of 10-22.5 fim in the radial 
orientation [19]. In other work sitka spruce cell radii between 5 /xm and 30 
jim are reported [2 0 , 21 ]. A similar distribution of cell radii, from around 
4-22 fim with a peak around 13 /xm, is found for white spruce [81].
The average Ti relaxation time was also found from a plot of ln(/(0)) 
against ri. This is shown in figure 5.8. Ti was found to be 87 (±4) ms. The 
average Ti was also estimated from figure 5.6 using the mean cell radius and 
is estimated to be around 65-70 ms. This is lower than the value estimated 
from the plot of ln(/(0 )) against ri.
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Figure 5.7: Plot of the lognormal distribution of cell radii, r, for the radial direction in 
sitka spruce.
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Figure 5.8: Plot of the ln(J(0)) against ri in radial direction in sitka spruce.
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5.4.3 Tangential orientation
PFGSTE experiments with the parameters shown in table 5.1 were also used 
to measure the diffusion in the tangential orientation of sitka spruce. The 
same process as described for the radial orientation in section 5.4.2 was fol­
lowed. Figure 5.9 shows the echo attenuation data as a function of g for 
A=60, 125, 150 and 200  ms. A global fit to this data was made using equa­
tion 5.3 and a lognormal distribution of cell radii described using equation 
5.4. This fit is also shown in figure 5.9. Following the assumptions presented 
for the radial orientation the relaxation times were calculated as a function 
of cell radius and Ti was set to equal T2.
The surface relaxation term Mi,2 was found from the global fit to be 2 
(±0.3) X 10“  ^ m/s. The Ti and T2 values are shown as a function of cell 
radius in figure 5.10(a). The relaxation times found are the same as for the 
radial orientation. The average Ti relaxation time was also found from a plot 
of ln(T(0)) against ti. This is shown in figure 5.10(b). The average Ti was 
found to be 86  (±4) ms. This value, as would be expected as the relaxation 
times of the lumen water do not depend on the orientation, is almost the 
same as the average Ti value calculated for the radial orientation. As in the 
radial orientation the average Ti relaxation time found from the mean cell 
radius and figure 5.10(a), 60-70 ms, is lower than the average value found 
from a plot of ln(T(0)) against T%.
The cr value for the width of the lognormal distribution of cell radii in the 
tangential orientation, shown in figure 5.11, was found to be 0.43, almost the 
same as in the radial orientation. From the global fit to the echo attenuation 
data a mean radius of 11.9 /xm was found again almost the same as in the 
radial orientation. The range of cell radii found in this work agrees well with 
the values for the tangential cell radii of sitka spruce, 10-20  /xm, published 
in the literature [19]
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Figure 5.9: Echo attenuation plots for diffusion of water in the tangential direction in 
sitka spruce with A: 60 ms (a) 125 ms (b) 150 ms (c) and 200 ms (d). Solid line shows 
global fit to the data.
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F igure 5.10: Plot of Ti and T2 relaxation times as a function of cell radius for the 
tangential direction in sitka spruce (a) and ln (/(0)) against t i  (b).
X 10^
_ ?9PQ o q ooco o
Figure 5.11: Plot of the lognormal distribution of cell radii, r, for the tangential direction 
in sitka spruce.
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5.5 Diffusion in living tree in-situ
This section presents the first PPG diffusion measurements on a mature living 
tree in-situ. The experiments were conducted between 7*^  and 2 1 ^^  August 
2012. In the weeks leading up to the measurements there was an above 
average amount of rain so it would be expected that the moisture content 
of the tree is high at the start of the experiments. During the period of 
measurement there was a small amount of rain, around 3 mm over 13/14/15*^ 
August. The rest of the period was warm and humid. There soil around the 
tree was saturated from the above average rainfall over the preceding months 
so in combination with the high humidity, reducing the amount of water lost 
through transpiration, the moisture content of the tree would be expected to 
remain high over the timeframe of the experiment.
5.5.1 Vertical
For the living tree, in the vertical direction the majority of the cells are 
longitudinally orientated. As for the felled timber, in this orientation it 
would be expected that free diffusion would be observed. This is due to the 
length of the vessel elements and fibres which can be lOO’s /xm and lOOO’s 
/xm respectively [38, 39].
Plots of the echo attenuation as a function of are shown in figure 5.12. 
The associated fits, calculated using the same method as for the felled timber 
in the longitudinal orientation, are also shown. The diffusion coefficients 
found from the linear fits are shown in figure 5.13.
A reduction in the calculated diffusion coefficient similar to the longi­
tudinal orientation in felled timber is seen. The reduction in the diffusion 
coefficient, if Dapp is assumed to approach Dq as A approaches zero, at A=200 
ms is around 40% for this living lenga beech compared to 50% for the felled 
sitka spruce.
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F igure 5.12: Plot of echo attenuation for water in living tree in vertical direction, (a) 
Delta =  60 ms (circles), 80 ms (squares), 100 ms (crosses), 120 ms (triangles) and (b) 140 
ms (circles), 160 ms (squares), 180 ms (crosses), 200 ms (triangles) Solid lines shows fits 
to data.
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If the same model, as for the felled sitka spruce, of semi-permeable barriers 
in the cell acting as a restriction to the diffusion, is used then a permeability 
of 1.5 xlO“  ^ m/s for barriers separated by around 20 f im  is found. These 
values are similar to the values found for felled timber. As with the sitka 
spruce sample the model of semi permeable membranes within the wood cell 
does not fit with the known internal structure of the wood cells.
The measurements will include, in addition to the longitudinal cells, dif­
fusion in the horizontal ray cells in which diffusion would be expected to be 
restricted on the time scales measured. Although these cells make up a small 
proportion (less than 10%) of the total cell volume so are unlikely to have a 
large effect on the echo attenuation and apparent diffusion coefficient.
As with the felled timber an alternitive model of fast exchange between 
bulk and bound water could explain the reduction in the apparent diffusion 
coefficient.
The tortuosity is estimated to be 1.7 compared to 2 for the felled timber.
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Figure 5.13: Plot of diffusion coefficient against diffusion time in the longitudinal orien­
tation in a living tree.
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5.5.2 Horizontal
Due to the shape of the tree measurements in the horizontal direction incor­
porate both the radial and tangential cell orientations. Diffusion is expected 
to be restricted in this orientation due to the width of the cells. As discussed 
in chapter 1 the radius of the fibres in hardwood can vary from around 2-12  
fim and the vessel elements from around 10-500 fim depending on species 
[33, 35,38,39].
Plots of the echo attenuation as a function of g for A between 60 and 
200 ms are shown in figure 5.14. The same model, equation 5.3, as used for 
the radial and tangential orientations of felled timber was used to make a 
global fit to the data. A lognormal distribution of cell radii was used in the 
fit. The same assumptions, that T\ equals T2 and that the relaxation times 
are a function of cell size, as for felled timber were used in the fit. The fit to 
the data is also shown in figure 5.14.
The Ti and T2 relaxation times as a function of cell radius found from the 
fit to the data are shown in figure 5.15. The surface relaxation term. Mi 2^, 
was calculated to be 2.3 (±0.3) xlOr^ m/s. This is similar to the values 
found for the felled timber and in [80]. Values for T2 of 120 ms, 125 ms and 
311 ms for sugar maple, beech and huayruro wood respectively are found in 
the literature. This is in good agreement with the range of relaxation values 
found in this work for lenga beech. The variation in the T2 values is explained 
by the radius of the vessels in the wo'od. The beech has a tangential vessel 
radius of 20 fim whilst the huayruro vessels have a radius of 86  fim [37]. The 
average Ti relaxation time was found from a plot of ln(/(0)) against ri. This 
is shown in figure 5.10(b). Ti was found to be 83 (±3) ms. As with the felled 
timber the average Ti found from the mean radius and figure 5.15 is lower 
than the average value found from a plot of the intensity against .
The calculated distribution of cell radii is shown in figure 5.16. The 
lognormal distribution has a a value of 0.64. The mean cell radius found 
is 12.4 fim. No data for the cell radii in lenga beech could be found in the
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literature. However, the distribution found is in the range reported for other 
hardwood species. Fibre radii are reported to range from 7-12 fim and vessels 
from 15-50 /xm [38, 39].
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Figure 5.14: Echo attenuation plots for water in living tree with A: 60 ms (a) 80 ms 
(b) 100 ms (c) 120 ms (d) 140 ms (e) 160 ms (f) 180 (g) and 200 ms (h). Solid line shows 
global fit to data.
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F igure 5.15: Plot of Ti and T2 relaxation times as a function of cell radius (a) and 
ln (/(0)) against T% (b) .
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Figure 5.16: Plot of the lognormal distribution of cell radius, r.
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5.6 2D diffusion
There is a possibility to extend the ID PPG diffusion experiments to 2D. 
The theory behind 2D diffusion measurements is outlined in chapter 2. 2D 
diffusion measurements were made on bulk water, using the orthogonal x  and 
y gradients, and one diagonal peak was found in the diffusion-diffusion map. 
This shows the isotropic nature of the diffusion in bulk water as expected. A 
first attempt was made to measure 2D diffusion in a wood sample in the lab­
oratory. This was unsuccessful using the Tree Hugger although a DDCOSY 
experiment, with Dr Victor Rodin, was demonstrated on a wood sample us­
ing a higher frequency, 400 MHz, magnet (to be reported elsewhere). The 
success of the water measurement suggests that with some refinement of the 
gradient strengths and timing parameters DDCOSY experiments of timber 
and maybe living trees will be possible with the Tree Hugger.
5.7 Conclusions
This chapter has demonstrated the use of pulsed field gradient stimulated 
echo NMR to determine the structure of cells in felled timber and a living tree. 
Differences between diffusion in the longitudinal and radial and tangential 
orientations were shown revealing the anisotropic nature of the wood cell 
structure.
The spin relaxation rates were demonstrated to be proportional to cell 
size. The constant of proportionality, the surface relaxation term, Mi^2 i 
was shown to be similar for felled timber and a living tree and was also in 
agreement with literature values.
PPG NMR was demonstrated as a non-destructive, non-invasive method 
of measuring the cell size distribution in wood. The distribution in the radial 
and tangential orientation for felled timber and the horizontal orientation for 
a living tree were found from global fits to the echo attenuation data. All of 
the distributions found were within the range reported in the literature for
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the known structure of wood. This technique could be used to investigate 
how the structure of the wood cells are affected by processes such as thermal 
and chemical modification [226] and also to detect decay and fungal ingress 
affecting the cell wall structure. At present such fungal movement can only 
be determined by destructive sampling of the tree.
In the longitudinal orientation for both felled timber and the living tree 
the results suggested that the cells may contain a semi-permeable structure. 
However, no known structure within wood cells with a similar size could 
be found in the literature. A second explanation for the reduction in the 
apparent diffusion coefficient, that there is fast exchange between bound and 
bulk water, was also considered. Further investigation is needed including 
diffusion measurements on fully saturated samples.
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Chapter 6 
N M R  study of sitka spruce 
tim ber drying
This chapter describes the first experiments using the Tree Hugger to inves­
tigate the drying of timber from high moisture content to around the FSP. 
The Tree Hugger magnet is able to study large samples and could, in the 
future, be used in-situ at industrial kilns. First the samples and methods 
used are described followed by the results and analysis of a drying study on 
sitka spruce.
6.1 Timber samples
The drying of sitka spruce timber along each of the three orthogonal axes is 
investigated. The three orthogonal axes of the timber samples are termed 
longitudinal, along the vertical axis of the tree, radial, across the growth 
rings from the centre of a cross section of the tree to the bark and tangential, 
at right angles to the radial orientation. These are illustrated in figure 1.1. 
The timber samples used in the experiments in this section were from the 
same sitka spruce tree used in chapter 5. 1-1.5 m sections were cut from the 
log on the forest fioor and delivered to Forest Research (Alice Holt, Farnham,
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UK) once every month from January 2012 to July 2012. Once delivered the 
timber was stored in sealed plastic at -5°C. 30 x 30 x 30 mm^ samples 
were then cut from these sections (two samples, sample 6 in the tangential 
orientation and sample 8 in the longitudinal orientation, were 28 x 28 x 28 
mm^). The timber samples were cut from the sapwood region of the tree due 
to the greater moisture content in this area. They were also free from any 
visual defects. Four sides of each sample were sealed so to allow drying along 
one of the three orthogonal axes only. The sealant painted onto the samples 
was allowed twenty minutes to dry before the samples were returned to the 
sealed plastic and stored at -5°C. Before the experiments on a sample began 
it was allowed thaw (inside the sealed plastic bag) at room temperature for 
at least 36 hours.
Tests were carried out to find the sealant that best reduced the moisture 
loss from the timber samples. Four sealents were tested: B-I-N primer sealer 
(Zinsser, Wetherby, UK), Thompson’s roof sealer, Isofiex Liquid Rubber 
(Ronseal, Sheffield, UK) and ANCHORSEAL wax end sealer (U-C COAT­
INGS CORF, NY, USA). Four 30 x30 x 30 mm^ timber samples were each 
sealed on all six sides with one of the four sealents. The samples were then 
dried at 40°G for thirteen hours. The mass of the samples was measured at 
the start of the drying and a further nine times during the drying. Figure 
6.1  shows the mass lost from each sample.
It is clear from the figure that the B-I-N primer sealer is the most effective 
at reducing moisture loss. The timber sample sealed using the B-I-N sealant 
lost less than 1% of its mass in thirteen hours of drying compared to between 
10% and 22% for the other three sealants. The better performance of the 
B-I-N sealant is due to the fact that it is designed to block water vapour 
in addition to liquid water. This sealant is also freeze/thaw stable so its 
effectiveness should not be effected by being stored at -5°G.
The sealants were then tested to see if they had a detectable NMR echo 
signal at the echo time used in the experiments in this chapter. To test this
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a layer of the sealants was painted onto dry bricks (previously confirmed to 
have no detectable echo signal) and allowed to dry for twelve hours.
With the parameters used for the experiments presented in this chapter, 
shown in table 6 .1 , but the gradient set to zero there was no detectable echo 
signal from the B-I-N, ISOFLEX, Thompson’s or ANCHORSEAL sealants.
The B-I-N primer sealant is used throughout the experiments presented 
in this chapter.
e—©
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Time (hours)
Figure 6.1: Plot of normalised mass against time for timber samples sealed on all sides 
with different sealants. B-I-N primer (circles), Thompson’s roof sealer (diamonds). Isoflex 
Liquid Rubber (Ronseal, Sheffield, UK) (squares) and ANCHORSEAL wax end sealer 
(U-C COATINGS CORF, NY, USA) (triangles).
The moisture content, M, of the samples used for the drying experiments 
in this chapter was found on a dry weight basis by measuring the mass, m, 
at the start and end of the drying and using:
M(%) =  X 100
rrii (6 .1)
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The dry weight, m^, of the samples was found by drying the samples at 
103°C after the experiments until a constant (less than 1% change in mass 
over twelve hours) mass was reached. The samples would typically be dried 
for fifty hours at 103°C.
6.2 M ethods
ID NMR profiles of the timber samples were acquired every 30 minutes during 
drying using the sequence shown in figure 2.5. Table 6.1 shows the typical 
parameters used. As the drying of the samples could take up to 80 hours 
a Visual Basic script was written to automate the data acquisition. The 
script acquires the ID data, Fourier transforms the data, converts the real 
and imaginary parts to a magnitude data and then outputs the profile data 
to a text file.
The pixel size of the ID profiles is around 0.8 mm, calculated using equa­
tion 2.16. Due to the variable nature of timber the NMR profiles show a 
large amount of variation across the profiles.
P aram ete r Value
P90 0.025 ms
P 180 0.05 ms
Sampling rate 50 kHz
Echo time 6 ms
Gradient pulse duration 1 ms
Gradient amplitude (g )^ 11.3 mT/m
Number of acquisition echo data points 128
Number of averages 1024
Relaxation delay 1000  ms
Table 6.1: Typical parameters for ID profile experiments.
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6.2.1 Drying m ethod
The design and construction of the probe and heating system used to dry the 
timber samples inside the magnet is discussed in chapter 3 whilst the exper­
imental procedure is outlined here. The timber samples were placed inside 
the glass dewar and, after allowing thirty minutes for the air in the dewar to 
equilibrate with the surroundings, the relative humidity was measured. The 
relative humidity sensor was then removed from the glass dewar as it was 
found to cause noise in the NMR signal. The temperature controller was 
switched on and the temperature inside the dewar raised to the set temper­
ature. Figure 6 .2  shows the time taken to reach measurement temperatures, 
35°C, 45°C, 55°C, 65°C, 75°C, as used in the experiments. It is clear that the 
temperature inside the dewar is extremely stable once the set temperature is 
reached. There is an overshoot to the set temperature at all the temperatures 
apart from 55°C. This is because the temperature controller was tuned at 
55°C. This controller was tuned using this temperature as it is at the centre 
of the temperature range used in the experiments. At 35°C and 45 °C the 
target temperature is overshot by up to 10°C before stabilising at the set 
temperature. The time taken to stabilise is only a small proportion of the 
total drying time at these low temperatures so should not affect the results.
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Figure 6.2; Plots showing the time taken for the temperature inside the glass dewar to 
reach the set temperature 35°C (a), 45°C (b), 55°C (c), 65°C (d) and 75 °C (e).
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6.2.2 D ata analysis
Solutions to the diffusion equation, discussed in chapter 1 and reproduced 
here:
^ = (G.2 )
were used to analyse the acquired NMR data. Here C is the time dependent 
concentration, Deff{C) is the concentration dependent effective diffusion co­
efficient, X is the position and t is time. If Deff is constant then equation 6.2 
reduces to:
W = (G 3)
Analytical solutions to equation 6.3 for different boundary conditions are 
given in [160]. For the case of an initially uniformly distributed diffusant 
diffusing through a sample of thickness I with conditions:
C = Co, 0 < X < I, t =  0 (6.4)
0  = 0, X  <0, X  > I, t > 0 (6.5)
where Cq is the initial concentration, the solution is given by:
n —0  ^ /  \  /
Finite element solutions to the diffusion equation were also used. Finite ele­
ment analysis is a numerical approach for solving partial differential equation, 
boundary value problems. Solutions to the diffusion equation, equation 6.2
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can be found using the finite difference equation:
= c i  + A t
D j+ i + D j  j I Cj+ i—Cj J    j  Cj_i
Ax (6.7)
where x  is the position, t is the time, Di is the diffusion coefficient at position 
i and Cf is the concentration at position i and time j .  In this work a constant 
diffusion coefficient, Deff, was used to fit the experimental data so that:
= C i  + -  2Q) (g g)
The fits to the data were found by finding the Deff that best minimised 
the sum of the squares of the residuals:
yi(2/z -  CiY (6.9)
between the experimental and theoretical profiles. Between five and ten 
profiles spaced throughout the drying period were used in global fits to the 
data. In most of the figures showing NMR profiles in this chapter only three 
profiles are presented. Due to the variation across the samples this makes 
the figures clearer for the reader. The minimisation was done in Excel using 
the Solver function and in Matlab using the fminsearch function.
Plots of total concentration, found by integrating the area under the ex­
perimental profiles, against drying time were used to suggest the appropriate 
boundary conditions to use in the fits to the data. Figure 6.3 shows an ex­
ample plot of total concentration against drying time for each of the three 
orthogonal orientations of the timber.
For the longitudinal orientation an approximately linear relationship with 
drying time is found. This suggests a constant flux, F, at the boundaries. 
A finite element solution was used in the longitudinal orientation with a
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constant flux at the boundaries:
c /  =  Co, 0 < i < N ,  i  =  0 (6.10)
Ci = C l i - F ,  Co>0, j > 0  (6.11)
Ci, = C U - F ,  Cn > 0, j > 0  (6 .12)
The condition that the constant flux at the boundary continues only when 
Co,N > 0 is required so that the surface concentration cannot be less than 
zero. During this time the surface flux is reduced and tends to zero. The 
experimental flux, / ,  at the surface, in mm/s, was also found from the ex­
perimental data using:
where Am is the change in mass of the sample, A  is the area of an exposed 
surface, t is the drying time and:
f  = F  X Cmax (6.14)
In the tangential, figure 6.3(b), and radial, figure 6.3(c), orientations the 
total concentration is found to be approximately proportional to the square 
root of the drying time. This suggests that the the boundaries should be 
held at a constant concentration. Therefore the analytical solution, equation 
6 .6 , was used in the radial and tangential orientations and the surface was 
held at a zero concentration at all times. The effective diffusion coefficient 
was assumed to be constant with moisture content in all directions. This 
assumption is discussed in chapter 1 and in [155, 158, 165, 170].
As discussed in chapter 1 , T2 relaxation values in wood depend on the 
moisture content. As the data acquired in this chapter is all above the FSP 
the effect of this on the NMR signal is not considered. This is because the 
distribution of long T2 values found above the FSP is constant with moisture 
content [81].
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Figure 6.3: Plots of total concentration against time for timber samples dried at 35°C 
in the longitudinal orientation (a) 55° C in the tangential orientation (b) and 35° C in the 
the radial orientation (c).
6.3 Results
6.3.1 Tangential orientation
Figure 6.4 shows examples of the acquired NMR profiles for timber dried at 
55°C with the radial and longitudinal surfaces sealed to allow drying along
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the tangential axis only. These profiles were acquired using the parameters 
shown in table 6.1 and the method outlined in section 6.2.1. Table 6.2 shows 
the experimental conditions, the initial moisture content and the moisture 
content at the end of the drying period for this sample, sample 6, along with 
the other seven samples dried along the tangential axis. A global fit was made 
to the NMR profiles in figure 6.4(a), also shown in the figure, using equa­
tion 6.6 and the method described in section 6.2.2. As described in section 
6.2.2 the surface was held at zero concentration for all times. This effective 
diffusion coefficient found from the fit to the data is 2.9 (±0.24) x 10“® m^/s. 
This is discussed further later in this chapter.
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Figure 6.4: NMR concentration profiles as the timber is dried in tangential direction 
with a global fit to the data using the analytical solution (solid line) (a). Plot of total 
concentration against time for experimental profiles (circles) and fit (solid line) (b).
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T  (°C) Sample MC
initial
MC
final
RH (±5%) 
start
RH(±5%) 
15 hours
RH (±5%) 
end
35 1 84.4% 19.1% 75% 75% 80%
2 82.9% 24.1% 90% 85% 90%
45 3 87.4% 27.9% 75% 75% 80%
4 86.2% 30.9% 80% 80% 80%
55 5 125.7% 39.5% 80% 80% 80%
6 75.3% 14.6% 75% 80% 85%
65 7 62.8% 80% 85%
8 108.49% 30.65% 80% 80% 85%
Table 6.2; Tangential sample properties and experimental conditions.
The same process described for sample 6 was then followed for the re­
maining seven samples at four measurement temperatures of 35°C, 45°C, 
55°C and 65°C. The experimental conditions and initial and final moisture 
contents for each sample are shown in table 6.2. The NMR profiles and the 
total concentration plotted against drying time for samples 1, 2, 3, 4 and 8 
are shown in figure 6.5.
For samples 5 and 7, dried at 55°C and 65°C respectively there was some 
restriction to drying after around five hours. For sample 5 the restriction 
lasted around ten hours before the drying continued seemingly unrestricted. 
After twenty hours the drying in sample 7 was still restricted. Sample 7 
was dried at 103°C, after the 20 hours of drying at 65°C, to a constant 
mass in order to calculate the initial moisture content. Figure 6.6 shows the 
profiles and total concentration against drying time for sample 5 and total 
concentration against drying time for sample 7. For sample 5 two profiles 
separated by ten hours of drying can be seen very close together and the 
total concentration shows no drying between around 5 and 18 hours.
150
0.9 0.9
Ô0\0(0.8 0.8
0.7
9i 0.6 0.6
0.5 0.5
% 0.4 0.4
Ë 0.3 0.3
Z  0.2 0.2
o.i; 0.1
25 30 8030 40 50 60 70
x(mm)
(a) Profiles at 0.5, 45, 70 hours
Time (hours)
(b)
0.9'0.9
■g 0.8 
I 0,7
0.8
■5 0.7
g 0.6eu 0.6
CO «  0.50.5
% 0.4 "o 0.4
00
0.3Ë 0.3
0.2
0.1 0.1
25 30 50 60
x(mm)
(c) Profiles at 0.5, 30, 65 hours
Time (hours)
(d)
i<>
0.9 0.9
0.8 g 0.8GO
c  0.7
g 0.6CD 0.6
CO
CO 0.50.5 cxP
% 0.4
E 0.3 0.3
Z  0.2 0.2
0.1 0.1
30 20 30
x(mm)
(e) Profiles at 0.5, 15, 45 hours
Time (hours)
(f)
151
,0 PO 00
0.9 0.9
0.8 0.8
■g 0.7 0.7
S 0.6 0.6
0.5 0.5
% 0.4 0.4
E 0.3 0.3
Z  0.2 0.2£) Qcoo0.1 0.1
20 25 30 5020 30
Time (hours)
40
x(mm)
(g) Profiles at 0.5, 30, 44 hours (h)
0.90.9
t o  COO 0c 0.8 .2
7a 0.7
0.8O 6
0.7
% 0.6 0.6
0.5 0.5
O 0- 6 ePo . p% 0.4 0.4
Ë 0.3 0.3
Z  0.2 0.2
p O0.1 0.1o b
20 20 25
x(mm) Time (hours)
(i) Profiles at 0.5, 8.5, 24 hours (j)
F igure 6.5: NMR concentration profiles (circles) as the timber is dried in tangential 
direction and global fits using the analytical solution (solid line) and plots of total con­
centration against time for samples: 1 (a, b), 2 (c, d), 3 (e, f), 4 (g, h) and 8 (i, j).
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Figure 6 .6 : Plots showing profiles during drying of sample 5 (a) and total concentration 
against time for sample 5 (b) and sample 7 (c).
This may occur primarily at the edge of the wood so to restrict the flow 
of the water from the inside. A dry layer forming at the wood surface has 
been reported previously [144, 227].
The effective diffusion coefficients found for all the samples (excluding 
samples 5 and 7) are shown in figure 6.7. The errors in the data were deter­
mined by adding white noise at the same standard deviation as the profile
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background to the data sets and then re-analysing to find the fit parameter 
distribution width. The plot shows that the effective diffusion coefficient in 
the tangential direction increases approximately linearly with temperature.
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Figure 6.7: Plot of calculated effective diffusion coefficient for samples 1 and 3 (circles) 
and samples 2, 4, 6 and 8 (squares) as a function of temperature for timber drying along 
the tangential axis.
6.3.2 Radial orientation
Eight sitka spruce samples dried at four measurement temperatures of 35°C, 
45°C, 55°C and 65°C were studied with the tangential and longitudinal sur­
faces sealed to allow drying along the radial axis only. The same experimental 
and analysis methods as for the tangential orientation were used in this sec­
tion. The acquired NMR profiles and total concentration plots are shown 
in figure 6.8. The global fits to the data are also shown in figure 6.8. The 
initial moisture content, the moisture content at the end of the drying and 
the experimental conditions for each sample are shown in table 6.3.
From the plots of total concentration against drying time it can be seen
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that faster drying during the first 5 -15  hours leads to a slower rate of drying 
at later times. This is especially clear for sample 6 dried at 55°C, shown in 
figure 6.8(1). This suggests an that early faster rate of drying may cause a 
reduction in the permeability of the wood at later drying times.
T  (°C) Sample MC
initial
MC
final
RH (±5%) 
start
RH (±5%) 
15 hours
RH (±5%) 
end
35 1 85.2% 33% 75% 75% 75%
2 71.4% 27.2% 80% 85% 90%
45 4 82.7% 24.7% 75% 75% 80%
4 80.4% 29.1% 80% 80% 80%
55 5 104.5% 28.4% 70% 75% 75%
6 96.9% 27.35% 80% 85% 85%
65 7 107.4% 25.76 60% 70% 75%
8 104.7% 19.5% 75% 80% 80%
Table 6.3: Radial sample properties and experimental conditions.
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F igure 6 .8 : NMR concentration profiles (circles) as the timber is dried in radial direction 
with global fits (solid line) and plots of total concentration against time for samples: 1 (a, 
b), 2 (c, d), 3 (e, f), 4 (g, h), 5 (i, j), 6 (k, 1), 7 (m, n), 8 (o, p).
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Figure 6.9: Plot of calculated effective diffusion coefficient for samples 1 , 3 , 5  and 7 
(circles) and samples 2, 4, 6 , 8 (squares) as a function of temperature for timber drying 
along the radial axis.
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The effective diffusion coefficients found from the global fits to the NMR 
profiles are shown in figure 6.9. As in the tangential direction the effective 
diffusion coefficient increases approximatly linearly with temperature until 
the drying temperature reaches 65°C and there is a large increase in the 
effective diffusion coefficient from an average of 2.23x10“  ^ m^/s to around 
7.04x10-^ mVs.
6.3.3 Longitudinal orientation
For drying along the longitudinal axis five temperatures were studied. These 
were 35°C, 45°C. 55°C, 65°C and 75°C. The longitudinal direction is the main 
axis for water movement in wood with a capillary network of cells allowing 
water to move more freely than in the radial and tangential directions. The 
plots in figure 6.10 show the NMR profiles and the total concentration with 
time acquired following the same procedure as for the tangential and radial 
orientations. The moisture contents and experimental conditions during the 
experiments are shown in table 6.4.
T  (°C) Sample MC
initial
MC
final
R H  (±5%) 
start
R H  (±5%) 
15 hours
R H  (±5%) 
end
35 1 109.2% 33.1% 75% 80% 85%
2 74% 23.3% 75% 75% 80%
45 3 64,7% 11.1% 75% 80% 80%
4 81% 18.7% 80% 85% 90%
55 5 88.3% 10.4% 80% 85% 90%
6 77% 19.3% 75% 75% 75%
65 7 83.7% 19.4 75% 80% 90%
8 96.3% 23.4% 75% 80% 80%
75 9 98% 21.8 85% 85% 90%
10 100% 22.32% 80% 80% 80%
Table 6.4: Longitudinal sample properties and experimental conditions.
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The global fits to the NMR data, also shown in figure 6.10, were found 
using a finite element solution to the diffusion equation and as discussed in 
section 6.2.2 the fminsearch function in Matlab was used to find Deff  and 
F. The calculated effective diffusion coefficients are shown in figure 6.11.
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F igure 6.10: NMR concentration profiles (circles) as the timber is dried in longitudinal 
direction with global fits to the data (solid line) and plots of total concentration against 
time for samples: 1 (a, b), 2 (c, d), 3 (e, f), 4 (g, h), 5 (i, j), 6 (k, 1), 7 (m, n), 8 (o, p), 9 
(q, r) and 10 (s, t).
The measured flux, F, found using equation 6.13 is shown in flgure 6.12(a) 
as a function of temperature. The flux found from fits to the data is shown 
in flgure 6.12(b). The calculated and measured fluxes are in agreement at 
the centre of the temperature range whilst at the lower range the calcu­
lated flux overestimates the measured values and at the higher temperature 
underestimates them.
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F igure 6.11: Plot of calculated effective diffusion coefficient for samples 1, 3, 5, 7 and 9 
(circles) and samples 2, 4, 6 , 8 and 10 (squares) as a function of temperature for timber 
drying along the longitudinal axis.
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Figure 6.12: Measured (a) and calculated (b) flux for samples 1,3,  5, 7 and 9 (circles) 
and samples 2, 4, 6 , 8 and 10 (squares).
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6.3.4 Effective diffusion coefficient
The average effective diffusion coefficients calculated for the three drying 
directions are shown in figure 6.13 along with the diffusion coefficient of free 
water at increasing temperature [215]. This plot shows the effective diffusion 
coefficient in the tangential direction is smaller than for free water at all 
temperatures and in the radial direction it is smaller up to 55°C. Whilst in the 
longitudinal direction, due to the capillary network of cells in this direction 
allowing the water to move more freely the effective diffusion coefficient is 
equal to or greater than the diffusion coefficient of free water at the same 
temperature.
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F igure 6.13: Plot of average calculated effective diffusion coefficient in tangential (cir­
cles), radial (triangles) and longitudinal (squares) orientations in felled sitka spruce and 
of the self-diffusion in free water (dotted line) as a function of temperature [215].
The effective diffusion coefficients calculated for sitka spruce were com­
pared with different models for the diffusion coefficient found in the literature. 
The majority of the work found in the literature is in the tangential or radial 
direction. This is due to the way the wood is sawn making these the main 
drying axis during commercial drying of timber. There is a small amount of 
work reporting the longitudinal diffusion coefficients in softwood species.
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6.3.5 Linear model
The simplest model compared with the results in this chapter is a linear 
model [166]. This model is discussed in section 1.7.3 and the key equation is 
reproduced here:
DeffilO-^) = 1.89 +  0.127 X T -  0.00213 x  p (6.15)
where T  (°C) is temperature and p (kg/m^) is the basic density of the timber. 
The basic density is defined as [228]:
^green
where ttIod is the oven dry mass and Vgreen is the volume of the wood when 
in the green state. The constants used in the equation were calculated for 
the radial and tangential directions in pinus radiata using a General Linear 
Model to determine the significance of the main effects, temperature, density 
and timber thickness, during drying. It was determined that the temperature 
and density were the most significant effects and a regression analysis was 
used to find the constants in equation 6.15.
Figure 6.14(a) shows a plot of the effective diffusion coefficients calculated 
using equation 6.15 compared with the effective diffusion coefficients found 
in this work. The average density of the sitka spruce timber samples used in 
this work was used in the calculations. This was calculated using equation 
6.16. The average basic density of the samples was found to be 569 kg/m^. 
The basic density of wood shows large variability both between trees and 
within trees [19, 229]. The value found for the basic density of sitka spruce 
in this work is in the range found in [214]. The plot in figure 6.14(a) show 
that the model overestimates the radial and tangential diffusion coefficients 
found in this work and is closer to the values for the longitudinal direction. 
The constants required in equation 6.15 to fit the diffusion coefficients
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found for sitka spruce in this work were calculated and found to be:
=  1-89 +  0 25 X r  -  0.014 X p  (6.17)
= 1.89 + 0.19 X T -  0.015 x  p (6.18)
D^y(lQ-^) =  1.89 + 0.1 X T -  0.008 x  p (6.19)
for the longitudinal, tangential and radial directions respectively. These fits 
are shown in figure 6.14(b).
The plot in figure 6.14(b) shows that equations 6.17 and 6.18 give a good 
fit to the longitudinal and tangential effective diffusion coefficients calculated 
in this work. The difference between the constants in equation 6.15 found
in [166] and in this work are likely due to the variation between species and
drying conditions.
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Figure 6.14: Plot of average calculated effective diffusion coefficient in tangential (cir­
cles), radial (triangles) and longitudinal (squares) directions in sitka spruce with linear 
model using constants from [166] (solid line) (a) and from fit to experimental data in this 
work (b).
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6.3.6 Exponential model
The second and more commonly used model for the effective diffusion coef­
ficient in the literature is an exponential model [151, 167, 168, 169, 230]:
(6 .20)
where A  (m^/s), B  and C (K) are constants, M  is the moisture content and, 
T  (K) is the temperature. As discussed in chapter 1 the parameters A  and 
C have physical meaning. A  is termed the pre-exponential factor whilst C 
represents the ratio of activation energy to the universal gas constant (E/R).  
E  represents the minimum energy resulting from collisions between molecules 
necessary to have a net displacement of the solute in the diffusion direction 
and A  is the probability of a collision [169].
The moisture content used in all of the calculations in this section is 
the moisture content at the FSP calculated using equation 1.5. Table 6.5 
shows values for the A, B  and C parameters in equation 6.20 found in the 
literature and from fits to the results in this chapter. There is variation in 
the parameters between species.
D irection Species A  (m^/s) B C Reference
Radial Sitka spruce 10 -150 -6370 This work
Radial* Sitka spruce 8.8x10-^ 11.5 -5280 This work
Tangential Sitka spruce 3.9x10-^ 23.7 -5300 This work
Longitudinal Sitka spruce 6.5x10-4 6 -4300 This work
Radial or Tangential Red oak 12.9x10-4 2.32 -5280 [151]
Radial or Tangential Softwood 5.02x10-^ 9.8 -4300 [140] [230]
Radial Slash pine 1.1x10-® 0.69 -2163.49 [169]
Fit using first three points up to 55°C only
Table 6.5: Comparison of parameters from this work and the literature in calculation of effective 
diffusion coefficient using equation 6 .20 .
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Another, purely mathematical, exponential expression for the effective 
diffusion coefficient is also found in the literature [157, 158]. This model is 
discussed in chapter 1 and the expression is reproduced here:
Deff  — exp(ao +  cli h (I2 T)
Pwood
(6 .21)
where Uo,i,2 are constants found from fits to experimental data, M  is the 
moisture content, Pwood (kg/m®) is the density of the wood and T  (K) is the 
temperature. Values for ao,i,2 for two softwood species from the literature 
and for the sitka spruce in this work are given in table 6.6. The parameters 
found for sitka spruce are, allowing for variation between species, similar to 
the values for the literature samples.
D irection Species Go Oi G2 Reference
Radial 
Tangential 
Longitudinal 
Radial or Tangential 
Radial or Tangential
Sitka spruce 
Sitka spruce 
Sitka spruce 
Scots pine 
Norway spruce
-50
-33.6
-29.6
-30.39
-30.71
5
2.3
5.5
5.46
5.32
9.3x10-^
4.2x10"^
3.3x10-2
2.54x10-2
2.66x10-2
This work 
This work 
This work
[158]
[158]
Table 6 .6 : Comparison of parameters from this work and the literature in calculation of 
effective diffusion coefficient using equation 6 .21 .
Figure 6.15 shows the effective diffusion coefficients found for sitka spruce 
in this work compared with the models found in the literature. The parame­
ters from the literature were all calculated for the radial or transverse orien­
tations with slash pine having the largest effective diffusion coefficients and 
red oak the smallest.
The longitudinal values as expected, due to the shape of the wood cells 
and the capillary network in this orientation, are higher than the maximum 
literature values in the radial and tangential orientations. The diffusion co­
efficients for the 4 softwoods in the literature are close to the coefficients cal­
culated in this work. Whilst the hardwood (red oak) coefficients are smaller 
at all temperatures investigated.
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Figure 6.15: Calculated effective diffusion coefficients from fits to experimental data 
in this work in longitudinal (squares), tangential (circles) and radial (triangles) direction 
with plots of equations 6.20 and 6.21 using parameters found in the literature and shown 
in tables 6.5 and 6.6 for Norway spruce (dashed black line), red oak (dashed red line), 
scots pine (solid red line), softwood (black dotted line) and slash pine (solid black line).
When the drying temperature increases above around 50°C the coefficients 
found in this work for sitka spruce increase at a faster rate with temperature 
than those found in the literature. The variation between the models is due 
not only to the variation between species but also the method of drying, 
the drying conditions and the composition of the samples, a number of the 
samples in the literature are heartwood samples [158] whilst the samples 
in this work were all sapwood. Figure 6.16 shows the fits to the effective 
diffusion coefficients, in all three orientations, found in this work using the 
parameters in table 6.5.
170
o
X
14
12
10
8
6
4
2
25 35 45 55 65 75 85
7(°C)
Figure 6.16: Calculated effective diffusion coefficients from fits to experimental data in 
this work in longitudinal (squares), tangential (circles) and radial (triangles) direction. 
With fits using equation 6.20 for longitudinal (solid line), tangential (dotted line) and 
radial (dashed line).
The parameters that give the best fit to the data in the longitudinal and 
tangential orientations are in the range of what would be expected when 
compared to the literature values. For the radial direction if just the first 
three points up to 55°C are used in the fit then the parameters are within 
the expected range from the literature. However, if the effective diffusion 
coefficient at 65°C is included in the fit then the parameters are not similar 
to any of the other species and the model suggests that the radial effective 
diffusion coefficient will increase to a larger value than the longitudinal dif­
fusion coefficient at around 70° C which given the known structure of the 
wood is not sensible. It is noted that there is some experimental work in 
the literature that shows the radial diffusion coefficient 2.7x larger than the 
tangential diffusion coefficient in scots pine at 60°C at the FSP [231]. The 
value reported of 4x10“® uF/s for the radial direction is in line with the 
results in this chapter whilst the value of 1.5x10“® uF/s for the tangential
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direction is lower than found for sitka spruce but allowing for differences in 
experimental conditions and species it is still within the range expected. For 
red pine the effective water conductivity is reported to be higher in the radial 
direction than the tangential direction, ranging from a ratio of 1/1 to 3/1 
depending on temperature and moisture content [232].
The increased diffusion in the radial orientation compared to the tangential 
orientation may be explained by the horizontal ray cells in the radial di­
rection. Radial flow in sitka spruce through the ray parenchyma cells and 
between the longitudinal tracheids and ray parenchyma cells via cross-held 
pits has been shown [233, 234]. For european beech wood, known to have a 
high number of ray cells, the ratio of radial to tangential diffusion coefhcients 
at 35°C at the FSP is around 4 [235]. Throughout the literature only one ex­
pression for the diffusion coefhcient in sitka spruce could be found [236] [cited 
in [140]]. The diffusion coefficient is given in terms of moisture content, M, 
only at 26.7°C in the tangential direction using:
De// =  0.044 X 10-^° exp(13.8M) (6.22)
At the FSP this gives an effective diffusion coefhcient of around 2.7x10“ ®^ 
m^/s. This is in line with the values found at higher temperatures in the 
tangential orientation in this work.
6.3.7 Longitudinal orientation
There is a small amount of work in the literature describing the effective 
diffusion coefhcients in the longitudinal direction. For yellow poplar at 23.9°C 
and at the FSP the longitudinal diffusion coefhcient is found to be around 
3.2x10“ ®^ m^/s [237]. This is in line with the linear model for the diffusion 
coefhcients found in this work.
In other work similar, allowing for variation due to species and drying 
conditions, values to those found in this work for the longitudinal effective
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diffusion coefficient have been reported. At 35°C and at the FSP in scots 
pine and european beech the coefficients were calculated to be 1.46x10“  ^
m^/s and 1.7x10“® m^/s respectively [235]. These values are slightly lower 
than the value of 2.7 xlO“® m^/s found for sitka spruce at this temperature 
in this work. An experimental value for the longitudinal diffusion coefficient 
of scots pine at 60°C at the 30% moisture content of 12x10“® m^/s is found 
in [231]. This is higher than the values found for sitka spruce in this work 
but was measured at a lower relative humidity, 59%, so is expected due to 
the increased moisture gradient in the wood.
6.3.8 Activation energy
The activation energy for the water diffusion in sitka spruce was calculated 
from the gradient of a plot of In {De/f) against l/i?T , shown in figure 6.17, 
using;
Deff = Do exp j  (6.23)
where E  (kJ/mol) is the activation energy, T (K) is the temperature. Do is 
a constant and R  (8.314 xlO“  ^ kJ/K/mol) is the gas constant. Table 6.7 
shows the calculated values.
O rientation E (kJ/m ol)
Longitudinal 
Radial 
Tangential 
Free water*
33.4 (T0.9)
58.6 (T3.5)
44.7 (±1.5) 
16.3 (±0.2)
calculated with values from [215]
Table 6.7: Calculated activation
energies for sitka spruce and free wa­
ter.
The activation energies found are, as expected, greater than the activa­
tion energy of free water. They are direction dependent which may not be
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expected. If in the radial direction only values up to 55° C are considered 
(the linear part of the plot) then the activation energy (41.5 (±0.1) kJ/mol) 
is similar to the tangential direction. There is a range of activation energies 
reported in the literature. One equation used in the literature to calculate 
the activation energy (in kJ/mol) is given by [164, 238] :
E  =  38.49 -  0.29M (6.24)
where M  (%) is the moisture content. This gives an activation energy, taking 
M to be 30%, of around 29.8 kJ/mol which is similar to the value found for 
the longitudinal direction in this work.
,-7
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1/f?r(kJ/mol) X 1 0 “
Figure 6.17: Plot of ln(D e//) in tangential (circles), radial (triangles) and longitudinal 
(squares) directions in sitka spruce against 1/RT.
A slightly lower experimental value of 28.8 kJ/inol is reported for the activa­
tion energy in redwood [80]. Another expression found in the literature for
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the activation energy of water in wood (in kJ/mol) is given by [239]:
E  =  40.2 -  0.71M +  0.03M^ -  6.7 x 10"^M^ (6.25)
where M is the moisture content. This expression is found from experimental 
results. This gives an activation energy of 40 kJ/mol at around the FSP, 
this is between the tangential and longitudinal activation energies found for 
sitka spruce in this work. In other work activation energies, measured by 
absorption, of 55.7 kJ/mol [240] and 32.2-47.6 kJ/moI (depending in species) 
are presented [241]. The value of 32.2 kJ/mol is for sitka spruce and is close 
the the longitudinal value measured in this work.
6.4 Conclusion
This chapter has demonstrated the use of the Tree Hugger magnet to study 
the drying of felled timber. A probe to allow NMR measurements to be 
conducted at elevated temperatures was also successfully demonstrated.
ID NMR profiles were acquired as timber samples were dried at various 
temperatures and along each orthogonal axis. The analysis of these acquired 
profiles was used to reveal the different rates of drying along each axis. The 
effect of the capillary structure along the longitudinal axis was shown with 
a faster rate of drying and a constant flux from the surface found for this 
orientation. The rate of drying and the conditions at the surface of the timber 
was found to be similar for the radial and tangential orientations.
The use of the ID NMR profiles to calculate the effective diffusion co­
efficients for the three orientations was shown. These were found to be in 
agreement, allowing for variation in species and drying conditions, with ex­
perimental and theoretical values previously published in the literature. The 
activation energy for the water diffusion in sitka spruce was also calculated. 
The activation energy was found to be direction dependent. Most of the 
values for the activation energy of water diffusion in wood found in the lit­
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erature were between the lowest (longitudinal) and highest (radial) values 
found in this work.
The mobility of the Tree Hugger magnet and the large size of the sample 
space (currently up to 140 mm) makes it ideal for use in-situ , for example 
to monitor drying and distortion at commercial drying kilns or to measure 
the moisture content and any changes in the moisture content of logs in the 
field.
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Chapter 7
Conclusions and future work
This thesis has presented the continued development and demonstration of 
a low frequency, transportable NMR magnet. The Tree Hugger. A new non- 
invasive system for investigating structure and water content in mature trees 
and timber. The Tree Hugger provides new opportunities for detailed mea­
surements of water movement in living trees, in logs and in sawn timber. The 
key advantage of the system with regard to previous magnetic resonance sys­
tems used for this purpose is size: the Tree Hugger can image trunks of the 
order of 100 mm in diameter.
Improvements to the homogeneity, portability and signal to noise ratio 
of acquired data were presented in this thesis. The improvements included 
replacement of the A/4 cable with a lumped element A/4, an active shim of 
the magnet and the design and build of new gradient amplifiers. Further 
improvements could be made to the homogeneity of the magnet via a passive 
shim.
7.1 Imaging living trees in -situ
The feasibility of in-situ imaging of a mature living tree in a forest was 
demonstrated. The system was shown to be able to distinguish between
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water in different structural environments and the image intensity was found 
to be strongly correlated with meteorological conditions.
To further interpret the results presented here further measurements are 
needed. This could be at different heights along the trunk and for longer 
continues periods. This will help build a fuller picture of the complex in­
terplay between the charging of water in the roots, the transport of water 
through the trunk and the discharging of water by the leaves and the effect 
of the local environment on the system. The system is able to run continu­
ously and can be left in-situ for long periods allowing detailed monitoring of 
diurnal and seasonal changes in water content that would augment current 
assessments of total water usage of trees.
Based on the capabilities demonstrated in this thesis, there are many 
areas that the Tree Hugger could be of use including:
• Providing much more accurate integration of water across the whole 
trunk than and avoiding the problem of wound response associated 
with individual sap flow sensors [48].
The monitoring of rewetting of mature trees following a severe drought. 
MRI has previously been used to study refilling of cells after cavitation. 
However, these studies have been confined to saplings and roots using 
small magnets and coils [208, 242]. The Tree Hugger offers the op­
portunity to make these measurements non-invasively and on mature 
living trees, which has been a criticism of other methods and has led 
to debate within the tree physiology community [6].
Monitoring of heartwood development as the boundary between the 
heartwood and sapwood moves outwards in the autumn and the tran­
sition zone dries out.
The impact of rooting restrictions such as ditches, pavements, and 
roads could be evaluated by monitoring the changes in differential water 
content across the stem.
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7.2 Diffusion in felled timber and living trees
The results from PFG diffusion measurements in felled sitka spruce and a 
living lenga beech tree were presented in this thesis. These are the first 
PFGSTE diffusion measurements reported for a mature living tree in-situ. 
The diffusion measurements highlighted the anisotropic nature of the wood 
structure and were used to reveal cell size distributions in the radial and 
tangential orientations.
The results presented suggest that there is a semi-permeable structure 
in the wood cells restricting the diffusion to a lesser extent than the cell 
walls in the radial and tangential orientations. However, no structure with a 
length scale similar to semi-permeable structure the results suggested could 
be found in wood cells in the literature A second interpretation of the re­
sults suggests that there is fast exchange between the bulk water in the cell 
lumen and bound water at the cell wall. Further investigation of the longi­
tudinal diffusion, at a wider range of diffusion times, is needed create a clear 
interpretation of these results.
Diffusion measurements of this kind could be used to investigate how 
the structure of the wood cells are affected by processes such as thermal 
and chemical modification [226] and also to detect decay and fungal ingress 
affecting the cell wall structure. At present such fungal movement can only 
be determined by destructive sampling of the tree.
Future work could include 2D diffusion experiments and in addition to the 
diffusion measurements on a living tree measurement of flow in the sapwood 
may be possible. NMR flow measurements have previously been demon­
strated in small plants [50] and the Tree Hugger presents the opportunity to 
extend this to mature living trees.
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7.3 Drying of felled timber
The final results chapter in this thesis reported on drying experiments of 
felled timber. The Tree Hugger, with a probe for imaging at elevated tem­
peratures, was demonstrated as an ideal device for studying timber drying. 
The anisotropic drying of the timber was demonstrated and effective diffusion 
coefficients, in good agreement with the literature, were presented. It was 
shown that an effective diffusion coefficient that is constant with moisture 
content can be used to model the drying of timber above the FSP.
The experiments presented could be extended with investigations at higher 
temperatures especially in the radial orientation to further understand the 
large increase in the diffusion coefficient above 60°C. Further developments 
would be needed to the heating system used to reach temperatures greater 
than 80°C. The effect of the relative humidity could be investigated. It would 
be expected that the rate of drying would increase with decreased relative 
humidity. The difference between heartwood and sapwood could also be 
studied. Cyclic wetting and drying experiments could be used to investigate 
the hysteresis of the water uptake and loss under different environmental 
conditions in wood. Sorption isotherms have shown the hysteresis in wood 
and it is known that the processes that occur during the uptake of water in 
the wood cell wall are not simply reversed when the same water is lost from 
the cell wall [1, 243]. With modifications to the probe used in the heating 
system larger samples could be investigated. With an increase in size to 50 x 
50 X 50 mm^ a large increase in the signal to noise ratio could be achieved.
Possible future applications of the magnet could be to monitor drying and 
distortion at commercial drying kilns or to measure the moisture content and 
any changes in the moisture content of logs in the field.
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A ppendix A
Gradient amplifier circuit 
diagram
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A ppendix B 
Points on sphere
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Point y  m m X m m z m m
1 -61 35 0
2 -61.00 24.75 24.75
3 -61.00 0.00 35.00
4 -61.00 -24.75 24.75
5 -61.00 -35.00 0.00
6 -61.00 -24.75 -24.75
7 -61.00 0.00 -35.00
8 -61.00 24T5 -24.75
9 -44.00 55.00 0.00
10 -44.00 38.89 38.89
11 -44.00 0.00 55.00
12 -44.00 -38.89 38.89
13 -44.00 -55.00 0.00
14 -44.00 -38.89 -38.89
15 -44.00 0.00 -55.00
16 -44.00 3&89 -38.89
17 -26.00 65.00 0.00
18 -26.00 4&96 4&96
19 -26.00 0.00 65.00
20 -26.00 -45.96 4ff96
21 -26.00 -65.00 0.00
22 -26.00 -45.96 -45.96
23 -26.00 0.00 -65.00
24 -26.00 4&96 -45.96
25 -8.00 70.00 0.00
26 -8.00 49.50 49.50
27 -8.00 0.00 70.00
28 -8.00 -49.50 49.50
29 -8.00 -70.00 0.00
30 -8.00 -49.50 -49.50
31 -8.00 0.00 -70.00
32 -8.00 4&50 -49.50
33 &00 70.00 0.00
34 8.00 49.50 4&50
35 8.00 0.00 70.00
36 8.00 -49.50 49.50
37 8.00 -70.00 0.00
38 8.00 -49.50 -49.50
39 8.00 0.00 -70.00
40 8.00 49.50 -49.50
41 26.00 65.00 0.00
42 26.00 4&96 45.96
43 26.00 0.00 65.00
44 26.00 -45.96 4&96
45 26.00 -65.00 0.00
46 26.00 -45.96 -45.96
47 26.00 0.00 -65.00
48 26.00 4&96 -45.96
49 44.00 55.00 0.00
50 44.00 38.89 38.89
51 44.00 0.00 55.00
52 44.00 -38.89 38.89
53 44.00 -55.00 0.00
54 44.00 -38.89 -38.89
55 44.00 0.00 -55.00
56 44.00 38.89 -38.89
57 61.00 35.00 0.00
58 61.00 24.75 24.75
59 61.00 0.00 35.00
60 61.00 -24.75 24.75
61 61.00 -35.00 0.00
62 61.00 -24.75 -24.75
63 61.00 0.00 -35.00
64 61.00 24.75 -24.75
Table B .l:  Positions of points on sphere 
used to plot the field for shimming. Points 
equate to those in figure 3.14
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